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FOREWORD 
Duriiig the past ten years, investigatioiis withiit the broad urea of vonilns- 

tion research have been conducted by government, industry, ant1 university. 
1Tuch of this research has been sponsored arid financed by tire Federal Govern- 
ment, usually to further some application of combustion such as flight propulsion. 
As a result, estensive data have been published by a variety of soiirvcs. 'I'lie 
greatest bendit can be derived by collecting, collating, aiicl interpreting this 
information. Accordingly, the NACA Lewis laboratory has herein integrclt ecl 
and interpreted information on combustion with a view to its application to 
flight propulsion. 

Tlic principal problem of interest in this study is that of burniiig fuc.1 con- 
tinuously and efficiently in a small volume and a t  high rates. Heat-release rates 
must be large and combustion efficiency nearly perfect in order to obtain high 
thrust and low specific fuel consumption from a SLJ, lightweight engine. 
Wide ranges of speed, altitude, and climate are generally encountered in flight, 
and these factors often change rapidly. Thus, the combustion system must 
perform over wide ranges of fuel flow, inlet airflow, pressure, and temperature. 

In  addition to burning fuel efficiently and a t  high rates, there are other 
factors that  must be considered in jet-engine combustion. In  general, the 
following conditions are desirable : Pressure loss through the combustion s p t c m  
should be kept to a minimum, since high pressure loss causes increased engine 
specific fuel consumption. lIixing of burned and unburned gases upstream of 
the combustor outlet must provide a preferred temperature distribution at  the 
outlet. This requirement may result either from turbine stress-strength con- 
siderations or from the need of a nearly uniform jet velocity profile for high 
propulsive efficiency. Deposition of coke and formation of smoke are both 
undesirable in the operation of combustors. Of the two factors, coke deposition 
presents the more serious problem because of its adverse effect on combustor 
performance and life. The combustion s-stem should be durable, yet light- 
weight. Unfortunately, some of these re- 
quirements are conflicting with respect to design. Specifically, then, the (.om- 
bust ion problem for a high-performance aircraft enginca such as t tic> j e t  or turbine 
type arises from two factors: (1) the extreme range arid rapid variations of 
operating conditions encountered and (2) the many requirements of the com- 
bustor, some of which necessitate compromise in the design. 

Many sources of basic and background informution are available to the 
designer of high-speed combustion systems. The volume of literature concern- 
ing this subject, which was large before World War 11, has since expanded 
tremendously with the expenditure of millions of dollars by the Federal Govern- 
ment. These funds have supported both fundamental and applied combustion 
research in laboratories throughout the nation. 

Reliable ignition is also necessary. 

m 



IV FOREWORD 

A large number of recent research papers on the fundamentals of combustion 
are compiled i n  the Third and Fourth Symposia on ('ombustion published by 
the Williams & Wilkiiis Company; and there are a few very useful texts on basic 
aspects of combustion, such as a p l o s i o n  and Combustion Processes in Guyes 
by Jost, Combwtion, Flames, and Ei.plosiom Df Gases by Lewis and von Elbe, 
and Flames by Gaydon and Wolfhard. Much additional information exists in 
technical journals, symposia, and house organs such as progress reports on 
military projects. 

Published information on the application of combustion research to flight 
propulsion is less comprehensive. Many individual papers on the subject 
appear in the classified literature; there are also a few summary papers. The 
Princeton University Press is preparing a twelve-volume treatise on High-speed 
Aerodynamics and Jet  Propulsion that will include a treatment of both basic 
and applied combustion, although it will be limited to the unclassified literature. 

There is no single, completely adequate summary of the source material on 
combustion available to the flight-propulsion engineer. Such a summary should 
reduce design effort by organizing pertinent information on both basic and 
applied combustion and extracting those principles and idem which are useful 
or significant in aircraft engine design. The NACA is now making such a study. 

The chapters compiled here, which are the first part of such a study, cover 
unclassified material. They review such fundamental processes as fuel-air 
mixture preparation, gas flow and mixing, flammability and ignition, flame 
propagation in both homogeneous and heterogeneous mediums, flame stabiliza- 
tion, combustion oscillations, and smoke and carbon formation. The practical 
significance and the relation of these processes to theory are presented. 

The references were selected from 
a complete review of the field in order to illustrate points that were pertinent to 
the subject a t  the date of writing. Thus, the references cited are a thorough 
bibliography, but not a complete one. Some important topics may have been 
omitted. Also, the study is directed toward air-breathing engines and hydro- 
carbon fuels; rocket engines and fuels other than hydrocarbons, such as the 
so-called high-energy fuels, are considered outside the scope of the study. 

Because of continuing progress in the field, this report is not intended as a 
final summary of developments. Further, other reports in the NACA general 
study will deal separately with the applications of basic data to performance 
and design of combustion systems for engines. 

Certain limitations have been necessary. 

W.4LTER T. OLSON 
Chiej, Propulawn Chemistry Dzvision 
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BASIC CONSIDERATIONS IN THE COMBUSTION OF HYDROCARBON 
FUELS WITH AIR’ 

CHAPTER I 

ATOMIZATION AND EVAPORATION OF LIQUID FUELS 

By CHARLES C. GRAVE? and DONALIJ W. RAHR 

INTRODUCTION 

I n  both turbojet and ramjet engines, the fuel is usually 
fed into the combustion chamber either as a well-atomized 
liquid spray or as a vapor (prevaporizing combustor). 
Accordingly, the formation of liquid sprays, the evaporation 
of both single drops and entire sprays, and the conditions 
required for various degrees of fuel flash vaporization are 
of interest to the combustion-cliamber designer. Theoretical 
and experimental work on most of these factors is not suf- 
ficient]? complete to permit much direct application to 
particular combustion chambers. However, even if  used 
only in a qualitative sense, knowledge of the principles and 
trends involved is required for good combustion-chamber 
design. 

The factors involved in the atomization and evaporatiori 
of liquid fuel are discussed herein primarily in their own 
light and not in relation to their effect on other processes 
contributing to over-all combustion-chamber performancti. 
A detailed discussion of the mixing of the liquid and vapor 
fuel with the conibustion air is presented in chapter 11. 

SYMBOLS 

The following symbols are used in this chapter: 
constant 
c*oiist a n t  
vonstatit 
constant 
root mean square molecular velocity of sur- 

spevific heat at  .constant pressure 
mass diffusion coefficient 
cliff usion coefficient of vapor in surrounding fluid 
distribution constant 
drop diameter 
mass- or volume-median drop diameter 
mean drop diameter 
maximuni stal)I(t drop tliamt.tcr 
initial drop diameter 
Sautw mean drop diameter 
wifice diameter 
diameter of undisturbed jet 

rounding fluid 
I’ 

s c  

T 
T a , w  

S 

T h V  
. y- 
1 
t b  

air-atomizer throat diameter 
wri t  ilut ion factor 
f u nc t ion 
fuel-air ratio 
acceleration due to gravity 
latent heat of vaporization 
specific enthalpy 
coristant 
constant 
vonst an t 
evaporat iori corist an t  
const ant 
mean frrc molecular pat ti of surro~riirtiiigfliiicl 
molecular weight 
mass 
evaporation rate of tlrop 
number of drops 
flow number 
Susselt number for ticat transfer 
Nussrlt number for mass t ra nsfw 
Praiitltl riunil)er 
nrnt)itwt prc~ssurc. 
log nwnii pre’ssurt’ of mntliffusi  rig gas over 

nozzlr prcssirre tlrop 
cwristurit 
i i i i t ~ ( ~ r ~ d  p s  c,oristtirit  

Reynolds riurnhr 
d L - r e t P g i D g .  w 
ratios of various atomizer dimensions to orifice 

cliamet er 
radius 
orifice radius 
Sc-hmitlt n u m h  
corist an t  
static temperature 
air ttkmpcraturc a t  irhicti w a t w  has same dif- 

f ( w n c - r  betwec,ri nir  ternperat lire and drop 
surface tcmpwat urts a b  , ;vtvi liquitl 

normul borliiig point of c>vaporatirig liquid 
film t Iiirknrhs 
time 
breakup time of liquid jet 

stRgnallt film 

’ Technical inlormmtron herein has been compiled from data of the NACA and other wganiutions. Detnariginnting outside the NACA amnot be rpprodueed for lurlher disseminntion 
without the permision of the originaling orgunhation. 

I 
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veloci ty 
Y c h i t y  of liquid at orifice 
rc4ativc velocity bct\vecri drop and air or liquid 

film arid air 
relative velocity between drop and air a t  instant 

of breakup 
volume flow rate 
Weber number 
wtlight-flow rate 
distaiice between liquid surface untl surface 

variable in logarithmic-normal distribution func- 
nhcrc diffusion starts 

tion 
9A,m 
axial distance downstream of fuel injector 
accommodation coefficient 
sprsy-cone angle, deg 
gamma function 
weight fraction of fuel spray containing drops 

fraction of file1 vaporized 
thermal conductivity 
size constant in drop-distribution functions 
wavelength of surface disturberice 
wavelength of surface disturbance producing 

maximum film or jet instability 
absolute viscosity 
kinematic viscosity 
density 
surface tension 
fraction of h a t  entering film around evaporating 

of diameter larger than d d ,  

drop ths t  arrives a t  drop surface 
Subscripts: 
a air 
a ( 7  average 
f 
9 
H heating; treat transfer 
j jet 
1 liquid 
m r vapor-air mixture 
0 initial 
S drop surfacer 
t total 
V vapor 
1 condition prior to vaporization 
2 
0 infinite distance from drop 

fuel 
surrounding fluid 

condition ht end of vaporization 

ATOMIZATION OF FUEL 

A number of excellent papers on the general subject of atom- 
ization are available in the litcraturc (.. g., refs. 1 to 4) 
For a more detailed study of atomizatiorl, the rcaclor is w- 
fcrrcd particularly to the survey by (;iffell and N u t - n s z w  
(ref. 4)  and the bibliography of reference 3 on work in atorn- 
ization up to 1952. 

BASIC PELATIONS FOB FUEL ATOMIZATION 

Atomization theory.-In order to provide the rapid liquid- 
fuel evaporation rates required in jet-engine combustors, the 

fuel must be finely atomized and well-distributed. The 
meclinnism of atomization is not wdl  understood; and no 
gciieral theory has been evolved to predict the degree of 
atomization for particular nozzle designs, fuel properties, 
and operating conditions. However, a general picture of 
the atomization process can be drawn from considerable 
experimental work and some limited theoretical work prr- 
formed in previous years. 

The atomization of liquid fuel can be considered to occur 
i n  six steps: 

(1) Stretching of furl into sheets or streams as a result of 
accelerating the liquid through the nozzle orifice 

(2) Appearance of small local ripples and protuberances 
a t  the liquid surface as a result of initial liquid 
turbulence and the action of the air on the liquid 
stream 

(3) Formation of ligaments as a result of air pressure and 
shearing forces 

(4) Collapse of ligaments into drops as a result of surface 
tension 

(5) Further breakup of these drops 
(6) Agglomeration of drops 

Combinations of part or of all these steps would appear to 
occur whether atomization is effected by injecting fuel a t  
high velocity into relatively quiescent air (pressure atomiza- 
tion) or by the action of a high-velocity airstream on a rela- 
tively low-velocity fuel stream (air atomization). The rela- 
tive importance of each step varies witb application, depend- 
ing upon such factors as relative velocity between fuel and 
air nnd fuel-air ratio. The various factors involved in the 
atomization process might be best considered by following 
the changes occurring in atomization as the relative velocity 
between the fuel and the air is increased from low to high 
values. 

Rayleigli (ref. 5)  treated the effect of rotationally sym- 
metric disturbances (fig. l ( a ) )  on tlie breakup of a liquid jrt. 

( a )  

( b )  

(a) Rotationally symmetric oscillations. 
(b) Wave formation. 

FIGURE 1.-Disturbance of low-velocity liquid jet. 
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He showed that a liquid jet subject to surface disturbances 
hcomes  unstable when the wavelength of tlie surface dis- 
turbance A divided by the diameter of the undisturbed jet df 
is greater than T .  Under such conditions the surface dis- 
turbances increase and finally result in the breakup of the 
jet into drops. When X/dl is equal to 4.51, tlie surface dis- 
turbances increase at the maximum rate and result in the 
masimiim dcgree of jet instability. I n  experiments on a 
free-falling jet, Tyler (ref. 6) obtained a value for Aid, equal 
to 4 65. On the basis of t h e  tests, Tyler concluded that tlie 
breakup of such jets occurs under the condition of maximum 
degree of instability as given by the Rayleigh theory. 

Weber (ref. 7) estended the Rayleigh analysis to viscous 
liquids moving a t  low velocities. When the air and fuel 
Iiuve the same velocity, the breakup time t b  of a liquid jet 
caused by rotationally symmetric disturbances (fig. 1 (a)) 
can be expressed by  the equation 

ta=K [ ( ~ ) 0 . 5 d ; . 5 + 3 ( 9  d,] 

Tlie value of X/d, for the maximum degree of jet instability 
is given by the equation 

Xvliere 

P11-1. hd, Re, = ___ 
PI 

When the three preceding terms are combined, 

P l  z=- 
1 P l d ,  

From these crquations, it can 1)c seen that both breakup time 
and tlic optimum value of h/d j  for breakup increase with 
iric*reusing vis(-osi t y  ant1 t l t~~rcusc  with iiicwasing siirfncc 
tension. Tlic: trcrids pretlicatctl by ttie \Vel)er analysis (ret, 
7) are i i i  iigrcwnent with the esperiments of Haenlein (rcf, 81. 

In an arialysis of the effect of viscosity o n  jet instclbility 
(ref. 9), the wavelength of the surface disturbance resulting 
i n  maximum instability was found bo be a function of the  
ratio p,/pK. 

I t  1iigtic.r rcht ive vch i t iv s ,  wave formi t t io i i  (fig. I ( 1 ) ) )  is 
c ~ r i i ~ o i i i i t c ~ r c v l  us a rcsult of ciir cfFwts. Wctwr showc~tl t l i i i t  

a niiriirniim relative vt:loc*ity m i l s t  exist for t h c l  onsvt of 
UXIVC formatiori. A s  this vclocity is csc:twlctl, tht. rcqiiirctl 
distance for breakup decreases. 

The various stages of atomization for simple jets were 
separated by Olinesorge (ref. 10) into three groups, as shown 
i n  figure 2 .  Here, the tlimcnsioriless paramoter Z of equation 
( 2 )  is  plot trvl atr:iin.;t t h i !  j1.t Rcyriolils nltm1)c.r. Iri i . c y i o r i  I. 

the jet broke up in  accortlarice with the Raylcigh-type 
disturbances (fig. l (a j j .  In region 11, the jet  breakup 
occurred in the form of helicoidal waves. I n  region 111, 
complete disruption of the jet occurred at  the orifice. 

Jet breakup resulting from wave formation has also been 
considered €or swirl-type pressure-atomizing nozzles. For 
swirl-type nozzles operating uiitlcr a moderate pressurr 
differential, the liqiiicl emetxrs from the orifice in the form 
of a conical film. Kaves i d  liolc~s appenr in the film, 
which eventually disititegrates to form t h e  spray. TI\ o 
theoretical investigations (refs. 11 and 1%) liuve been made 
in an  attempt to explain tlie breakup of the film as tlie 
result of wave formation. Tlie analyses follow the classical 
treatments given by Lamb (ref. 13). The relative ve lwi t>~ 
between tlie film and the surroriiidirig mctlium is assunled 
constant, and the film is treated as two-dimensional. If 
the film is flat (fig. 3(a)), it is not subject to disturbing or 
restoring forces. However, if there is a slight surface bulge, 

Liquid 

10 &+ 
Oil A 
Glycerin B 
Glycerm A 
Glycerin A 
Gas oil 
Gos Oil 

Y hhne  
Anlline 

I 

# .I 
.o I 

Or i f  ice 
dlomerer, Q 

mm 
0 5  

5 
2:o 

2 0  
: 5  
.7 

2.0 
.5 

I .o 
.7 

2 .o 
.7 

I .o 
2.0 . 
4 .O 

4x0 A,,,,,= ~ - Pk ' : e l  

Equation (4) can be expressed as 

AN- 3% 
/- - IG __ 
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Fair agreement was found between predicted arid calculated 
\-dues of A,,,az obtained from photographs of swirl atomizer 
sprays (ref. 14). Symmetrical oscillations, in which the 
mean surface of the film remains flat, would also result in an 
unstable film. However, the degree of instability was stated 
to be much less than for the asymmetric oscillation considered 
in  reference 11. 

In  reference 12, a similar type of analysis was made 
indepentlently. In this treatment, the film cross section \\-as 
c~oiisideretl to havr t h e  form sbown in figure 3(c) .  The rase 
of esponen tial increase in wave amplitude was considered 
in detail. 

A t  high relative velocities between liquid and air, complete 
clisruption of the liquid jet occurs close to the fuel orifire 
i r n d  results in the formation of large numbers of drops. 
This type of atomization occurs particularly in the case of 
air atomization and is also found with pressure-atomizing 
nozzles operating under high injection-pressure differentials. 
An analytical study of this type of atomization was made 
by Castlemarl (ref. 15) who applied the Raj-leigh analysis 
(ref. 5 )  to the case of air atomization in which ligaments are 
torn from the liquid jet surface. According to the Castleman 
picture of atomizatio~i, ligaments are drawn from the main 
mass and collapse, because of their instability, into a number 
of drops. At the higher airspeeds, finer ligaments are 
formed, which break up .to form smaller drops. Higher 

- - - - - - - - - - - - - - - - - - - - - - 
( c l  

(a) Undisturbed film. 
(b) Asymmetric wave formation (ref. 11). 
(c) Symmetric wave formation (ref. 12). 

FI(;I.RE R.-Wavr~ formiition for l i c l i i i d  -hwts.  

surface tension would cause quicker collapse of the ligamciits 
before they arc drawn too fiIiely and would result iri 1argc.r 
drops. 

At high relative velocities between fuel and air, the drops 
formed from the breakup of the ligaments may, in turn, 
be broken up as a result of air effects. This mechanism was 
studied by Hinze (ref. 16) and Lane (ref. 15) .  Hinze 
showed that the criterion for drop breakup is tlie appropriate 
ralur of the Weber number Tl'r as given by 

These trends are verified by experiment. 

The predicted value of We for breakup varied between 6 for 
low-viscosity liquids and 10 for high-viscosity liquids for 
n liquid drop rxposrcl sutldc~nl~- to ti c.oristurit-veloc,it~ iiir- 

stream. Under most atomization conditions, however, tht' 
relative velocity between drop and airstream decreases 
rapidly. If the viscosity appreciably decreases the rate of 
drop deformation, the relative velocity may be reducrcl 
below the critical value before the drop is substantially cle- 
formed. Consequently, the critical initial value of velocity 
for drop breakup under actual atomizing conditions may be 
much higher than the steady-state critical velocity obtained 
from equation ( 6 ) .  In addition. the actual effect of drop 
viscosity on drop breakup may be much higher than that 
predicted from theory. 

Lane (ref. 17) investigated tlie breakup of individual 
drops exposed to steady and transient airstrenms. 111 011e 
set of experiments, water drops having initinl diameters 
ranging from 0.5 to 5.0 millinictckrs were dropped into ii 
constant-velocity airstream. - i t  a cmticd r th t ivc  velocitJ- 
between drop and air. the freely fulling drops assumcd the 
form of hollou~ bags, whicli s u t ) s ~ q u ~ ~ ~ : t l y  burst uiitl produce~l 
a stiowcr of drops. 'I'he rtdatioii t w t w w i  drop veloc-ity 
arid ciiameter u t  breakup could 1w csprc~sscd by tlic cquutioii  

C? &&,=till' ( i)  

where the drop diameter is in millimeters arid Irrcl.b is i t 1  

meters per second. .hlditioiial ttists usiiig liquids having 
surfare tensions u varying from tippro.iiinatcly 28 to 4 i v j  
dynes per ccritimeter established tlic rrlatiori 

-1.1. sa Ji 
These results are in agrwmtwt wi th  t t i t .  prtdication of Hinzc. 
that drop breakup is assoc-iatcd with a rritieal value of 
Weber number. Experiments conducted with high-velocity 
transient air blasts showed that under these conditions thin 
layers were stripped from the drop surface before it was 
appreciably deformed. Drop-size mrnsurements indicated 
that equation (7) would pretlicst too grrat a rate of decretw 
in drop size at the verv high-velocity conditions. On t l i t a  

hasis of the Hinze and Lane results, average spray drop 
size as affected by drop breakup would be expected to be 
larger for fuels having higher surface tensions and viscosities. 
Calculations based on the breakup of single drops have been 
found to give a close estimate of the maximum drop size 
found in isooctane sprays atomized by high-veloritv air- 
streams (ref. 18). 
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Collisiori of tlrops wit I i  r(w1ting n g h n c m t i o i i  m i > -  nimc 
a sizublc iiicwnse iri avcwigc drop size. t-iider t he 
high turl)ulcnce Ievth i i i  jet-engine combustors, the collision 
rate might be expected to be large, particularly where there 
is a large number of drops per unit volume of conibustion 
spncr. \Vlirre pressure-ntoniizing iiozzlrs are used, collisioiis 
also orrur as a rrsult of the differelice in velocities of the 
viirious sized drops. Viidtbr ronditiotis of high iiozzlc 
pwsssrirc drop. atoniizcitioii ~ ( Y W S  closc to  t hi. iiozzle orifice 
Sniull drops dcciwisr rnpidl?- i n  vrlocit?- uiid tciid to collrc*t 
near the nozzle. The 1nrgt.r drops, which retniii tlicir 
ve1ocit.v over longer distances, overtake and collide with 
sniallw drops i n  thrir flight path.  

T t i c  c>fFfcc,t of npglomwntioii is indicated for prrssure- 
aitoniizuig nozzl(~s from clrtcriniiiation of mean drop sizi'h 
at various distances from the nozzle orifice in reference 19. 
Bgglomeration was believed to have caused the observed 
increase in mean drop size with increase in distance from 
the nozzle. In tests using tlie molten-wax method (ref.20), 
agglomeration wus found to be quite pronounced for low- 
coiie-angle swirl ~iozzlcs operating a t  high pressure drops. 

Drop-size distribution in sprays.-One of the liquid-fuel 
spray c,hui.n(.tcristic.s of dirrct interest to tlic combustion- 
clinniber tlcsigiic.r is the fractional weight of the spray 
dist ribu t c d  among the vnrioris drop sizcs. Drop-size tlis- 
tribution rclations have been used in the calculation of 
theoreticnl evaporation rates of liquid-fuel sprays (ref. 21) .  
Eventually, when the process of fuel spray evaporation is 
better understood, knomletlge of drop-size distribution will 
be of use to thc dt4guer in the determination of fuel spray 
ernporation rates for particnlar designs and operating 
corirlit ions. 

A typical esample of the  drop-size distribution for a 
liquid-furl spray is shown i n  figure 4(a) ,  wIiwt* the tlistribri- 
tinrr is givcvi in t l ic  cuniulutirt niiiss-fmrtioii form; thnt is, 
t l i v  wigli t  frwtiori L~~ of t i l ( ,  t o t d  spray contiming drops of 
tlianirtcr laigcr tliaii ddr. In figure 4 ( b 1 ,  the same distribu- 
tion is given in the differential form; here, the area under 
t h e  curve bctwtwi two va1rit.s of ddr reprcvnts the weigtit 
friicotiori of tlir total spray c.orituiriirig t t i t i t  p:irt i c~ i ln r  rnrige 
of drop dimits t en. 

Since the  theory of atomization is still not c~ompletc~l?, 
understood, recourse has been made to empirically fitted 
mathematical expressions for drop-size distributions, surti as 
prtwntetl in tablr 1. Four of the more w(4l-known rchtioris, 
Nukipma-l'anasawa (rrf. 22), Rosin-Rammler (ref. 23), 
logarithmic-normal (wf. 24), and upper-limit (ref. 25), are 
presented in table I.  The relations are given in both tlie 
cumultttive mass-fraction and differrntial forms. In  addi- 
tion, expressions are given for t h c b  mtmi drop diameter 
d d r  m 

r .  I hit gtw(m1 cvqxwsini, lor I / ~ , . ~  IS givcw by 

c = 3  1111d s=Z.  Rclations for tlie S n u t w  mean clianwtc~r are 
also prcsentcd in table I. 

The median drop diameter dsra may also be used. Median 
drop diameters are defined as diameters dividing the spray 
into two equal parts, in terms of such properties as volume, 
surface area, or number. A commonly used median diameter 
:> I t i ( '  xiitibs- I I ~  vol i imc.-~nc~ira~~ ( i i i t 1 1 1 ( ~ 1  vr. 
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T .i B L E I .  - 1I A TI I E 11 A TIC‘ A I, E S PR ERSI OSS FOR D RO P-S I Z E DIST RI B LT I ( S (Ref. 25)  
- ~~ _~____~_. __ ~. ~______. - 

Expression .dr 

I ! -I 
I 1 I 

The Rosiii-Runimlt*r espressioii (table I )  is a special form 
of the more geiieral Sukigama-Tanasa\\-a espressiori in 
which the exporients b and q have values such that the 
differential form is readily integrated to the cumulative 
mass-fraction form. Both the logarithmic-normal and upper- 
limit relations (see table I )  use the following expression in 
ttie normal-probability distribution curve: 

y=lIl[.i(dd,)] (101 

Iii the logurittiniic-norznul relution, , F ( d d , )  lias ttie form 
,Idr,’ . \ ,  w l i t w  A is r ih tc t l  to rii(’uii clrop size. 111 ttiv upper- 
limit relutior~ .F(ddr) has tlie form h ; / , , r ~ ( c f d r , m o r - c ~ ~ r ) .  This 
form of .S(d,,) was chosen in order to make the predicted 
frcqut’iicy of distribution npproat~li zero a t  a finite drop size, 
in ticwm1anc.e wi th  csperinitwtal (lata. 

IVitIi ttie exception of t t i r  logarittimic-riornial relation, 
the expressions in table I are not based on a physical model 
of size reduction. Epsteiii (ref. 24) lias shown that the size 
distribution of crushed solids approaches the logarithmic- 
normal distribution law asyniptotirally as the crushing 
process is continued, provided certain conditions of t.he 
breakup mechanism ure satisfied. However, since none of 
the relations are derived on the basis of a physical model of 
the atomization of a fuel spray, the  choire of which relation 
to ust* must tlcpcrid upon ttir uhility of the rclation to rep- 
rcwri t accwratd\- thc r.spcbrimt*ri t i l l  drop-size tlistrihutiori 
datu. 1.) some , L L . j t b s ,  t h t .  c ~ t i o i c ~ t ~  t)ti.icvl on ac*c\ira’.y of rvpri~- 
swtatiori may 1 ) ~  tcnipcrrtl by t w v  of use of tlic relation i n  
appliceat,ioii to sucli p r o ~ ~ s w s  as f w l  spray evaporation ari(l  
corrihustiori. 

The expressions in table I require evaluation of two 
constants, one a measure of mean drop size and the other a 
measure of spray uniformity. The upper-limit equation 
requires evaluation of an atitlitiorial (.onstant, ttie muxinuim 

sttltde drop tliurneter (I,*,, l)l=l. Deterniination of the (wristants 
in the relations of table I,  as required for the best fitting of 
the relations to experimentall>- determined drop-size (lis- 
tributions, is readily accomplished by graphical methods. 
Functional scales ure employed (e. g. ,  probnbility paper) so 
that the data approximate ti straight line wlicii plotted. 
Values of the constants are obtained from the slopes arid the 
intercepts of best straight lines through the data. However, 
the use of such graphical prowdurw may result i n  apprwi- 
able error (ref. 26).  

Of t t i c  four rchtioris i n  tald(x I. t!ie Itosin-Rtminilt~r tis- 

pressiori is the ctisiC5t t o  use i n  t Iit. c:uiritilutivc~ mass-frwtioii 
form. I n  this form, i t  is a simple exponential furiction, 
wtiereas ttie ottirr rrlations require use of t a l h  yf the iiimni- 
plete g t “  f u r i c - t i o r i  r of probabi1it.1- iritcgrnl. Ttic upper- 
limit t i r i d  I~)garitli~iiic.-p~(~l)~t)ili t>- rchtioiis have the siitiplcst 
form in terms of the Sauter mean diameter. The upper- 
limit relation follows t.he trends of experimrii tally determined 
drop-size distribution data more closely, in that it is based 
011 the Psistetice of a maximum stable drop tlianictcr. Whilc 
the othcr relations predict i&tenre of drops of infinite 
dinriiet’cv-, the predic*tetl frcqrirticy of occurrence of the 
larger-diameter drops becomes quite small. Accordiiigly, 
errors associated with this preclictcd orcurrencc of infinite- 
tliamctt>r drops may be small wticrc srwti rrlations are 
u s e d  iri t tic~orctiid arinl>-sc,s of f ire l  spruy cvaporat ion 
01‘ i * o r n l ~ i i s ( i o i i  rat<>>, partic-iilarly liiidy t ~ t . o ~ i i i ~ ( ~ I  sprt~~. . i .  
tTritl(ir t l i c w :  c w d i t i o r m ,  t t ie Kosiri-1llirnriilc.r rchtioti 
uppcars to l)c tlic most c*orivcwiciit to usv. I t  shoultl IJe 
notcd, Iiowwr, that upprc.viuhlc c l i f f t w r i c w  twt\vcwi 
calculated and actual mean drop sizes may be encouiitered 
in the application of the first three relations of 
tahlc I, perticwlarly the Nukiyama-Tatiusawa rrlution, 
l o  cxpnhe i i t a l  drop-size distrihutioii &tu ( rd .  2 5 ) .  For 
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example, the Sukiyama-Tanasawa relation may give a 
Sauter mean diameter larger than that of the largest drop 
found in the sample. References 25 to 27 give a more com- 
plete discussion of the application, advantages, and dis- 
advantages of the relations of table I. 

Several other methods of treating experimental drop-size 
distribution data have been reported in the recent literature. 
Since these methods have not had much use up to the present 
time, only a brief description will be given. III reference 28 
an nctjustnient factor (n function of drop tliaincter) was ap- 
plied to the logarit Iiitiic*-iiornial relation to correct for tlcvia- 
tioii of tlie experimeiital data froni the probability curve. 
The primary purpose of this adjustmtvit factor appears to 
be correction for the deviation betweell the csperimeiital and 
logurit Iimic-probubilit?- distribution in  the larger drop-size 
rungcs. Heferenc-c 29 found that, for data froni a pressure- 
atomizing nozzle, a plot of the square root of drop diameter 
gave a better straight-line plot on probability paper than a 
plot of the diameter to ttie first power. 111 reference 30, for 
data from an air-atomizing nozzle, the following distribution 
funcution gave satisfactory representation of the experimental 
clu t u :  

(11) 

Dimensional analysis.-Dimensional analyses have been 
usrtl by 11 iirinibw of investigators in studies of atomization 
(see,  c g., rrfs. 4, '70, 31, arid 3 2 ) .  Theoretical and experi- 
mental invcstigatioiis of atomization indicate that the follow- 
ing flow antl geometric variables should be considered in a 
elimciis~orial analysis of the atomization process: 

~- Lvd 7 ) = KL\Tdr - K d d  ~ 

d ( d d r )  

Vxriahle 
Dimensions1 

~ ( W L T  
system) 

From clirt~riisiond niiulysis, the relation among t l i r w  vuria- 
bles ('uii he riduwtl to tlie following tlimerisioiilcbss equation: 

.la pr~viously Iiotcvl, t l i c  j,t Weher ant1 Reyiiolcls numbers 
uiitl the biscosity l t r i t l  tlwsity rutios o f  cquutiori (13) hnve 
twcm ~ i i ( ~ ) u r i  t c w c l  i r i  fr~ritlu~nc~ritd stutlicts of the brcakup of 
I i q i i i t l  j r ts  arid drops. Tho vrlority ratio 77g/7Tl,h of q u a t i o n  
(1'7) would be important in  uir utomization. 

AIR ATOMIZATION 

One of the most extensive series of experiments on air 
atomization WRS roritlucteci by Nrikiyamn arid Tanasawa 

(refs. 22 and 33 to 35). Drop-size distribution and average 
drop size were determined for a rnnge of liquid properties, 
flow conditions, and atomizer sizes antl configurations. With 
the exception of a few scattered tests, all data were obtained 
at subsonic air velocities. All tests were conducted with 
the atomizer exhausting into the room air. Drop sizes were 
determined by collecting samples of the spray on small oil- 
coated glass slides. The experimental results were expressed 
in terms of the Sauter mean diameter d d r , 3 2  calculated directly 
from the data by the equation 

where ANd, is the number of droplets having diameters be- 
tween d d r -  (A.ddr/2) and d d r f  ( A d d r / 2 ) .  The degree of ac- 
curacy of drop-size measurements was estimated to be on 
the order of f 15 percent. 

I n  reference 33, experiments were conducted using water 
and a converging air nozzle as shown in figure 5(a). The 
Sauter mean diameter was essentially independent of the 
size of the air and water nozzles for water-nozzle diameters 
from 0 . 2  to 1.0 millimeter and air-nozzle diameters from 2 
to 5 millimeters. Transition from laminar to turhrilent flow 
conditions in the water jet appeared to have littlt. effrct on 
drop size. The Sauter mean diameter was found to be a 
furiction of (1) tlie relative wlocity tTrrf betwetw watcr n i i c l  

air and (2) the ratio of volume flow rates of air and water 
V,t,a/V,f,z. The volume flow rate of air was computed on 
the basis of the density at  the throat of the air nozzle. The  
relative velocity ITref was calculated from tlie volume flow 
rates and the cross-sectional areas a t  the throats of ttie 
water and air nozzles. Drop size decreased with increasing 
V,f,a/Vff However, for I-,, 1>5000, the effect of the 
ratio became negligible, and d d r . 3 2  was inversely proportional 
to ttie relative velocity. 

In refrrcnce :b$, similar c.xperimeiits were coiidiictcd with 
water untl tlie two utomizrrs shown i n  figures .i(h) arid ( v i .  
The data covered a range of nozzle sizes and flow conditions. 
I t  was concluded that, if the air velocity is based on the 
cross-scrtional area of the vena contrnrtn. therc is no e f f w t  of 
atomizcr c.onfigirution on uvwagc drop size. Rrlntivt1 posi- 
tion of the water arid air nozzles liatl a negligible effwt on 
average drop size, even when the water nozzle was well into 
the vena contracts region of the air jet. However, at greater 

Liquid 

1 Air 

Liquid 

I i Air 

Liquid 

I 

( 0 )  ( b )  (Cl 

(a) Converging nozzle. (c) Straight-bored nozzle. 
(b) 120' Knife-edge nozzle. 

FIGURE S.--Air-:itornizinq nozzlrs irvfs. 22 arid 33 to 35) .  
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distances downstream of 'tlie air jet where lower air velocities 
woultl exist, an increase in  average drop size was obtained. 
The sizes of air and watrr nozzles were again found to have 
little effect on average drop sizes. 

I n  reference 22, the Xukiyama-Tanasawa distribution 
function (table I )  was developed and applied to data from 
references 33 and 34. For high values of Vf,,a/Vfl,I and U,,,, 
tlie values of b and q in this relation were found to be 2 and I ,  
respectively, for all nozzles. At low values of either VfI,J 
I-,,,, or I ' , , , ,  6 = 2  and q < l .  

In rt4rrcbiice 35. drop-size distributions and average drop 
sizes \\ crc detrrmined for tlie nozzle type of figure 5(c) over a 
rangr of atomizer sizes, flow conditions, and liquid properties. 
Ranges of liquid surface tensions u from 30 to 73 dynes per 
centimettir, tlciisities p ,  from 0.8 to 1.2 grams per cubic centi- 
mrtcr. nnd viscosities F~ from 0.01 to 0.3 poise were obtained 
by varying tlie proportions of a n  alcohol-glycerin-water solu- 
tion. Tlie effects of flow conditions and liquid properties on 
average drop size were correlated by the expression 

wltert~ the fuel properties have the units given previously arid 
From this relation, i t  is seen 

rhc t ,  for lurgr values of \v,,,a;\',l,,, atoniization is a function 
only of relative velocity, surface tension, and liquid density. 
- i t  lower values of 17,1,a/l*,,,l, drop size increases and liquid 
viscosity influences atomization. [Equation (14) is not 
dimensionally consistent,.] 

Ingebo (ref. 18) niatle a photographic invrstigation of 
isooctane sprays producrtl by contrastream injection from a 
simplt, orifice into high-rrlocit,y airstrrams. The air pressure, 
air teniperuture, and fuel-orifice pressure drop were held con- 
s t u n t  tluring tliv tests. 'I%. Intltiii drop diameter (tliam. 
of drop liii\-ing iirrii (qud to total spray urea tlivitltvl by total 
Iiunitwr of clrops i n  Spray) \viis tlrttwniiictl at several statioiis 
clownstreani of the fuel injector for air vrlocities of 1.10 arid 
180 fwt per second. In order to compare experimental values 
t ) f  I / , , , , : ~  n i t t i  vulucs prcclictetl by equation ( 1 4 ,  use was ma&. 
o f  t l i t .  f o i h  itig wliitioii, obtuinecl from the Sukiyunia- 
'I'aiitisawa distribution function (ref. 22) for p equal to 1 
( s w  t a l h  I) : 

dd, .~=0.693 &.a (15) 

- i t  11 clistiiric*t* I inch downstream of the fut4 orifiw and an air 
vtslority of 180 fret per second, the predicted and experi- 
moritnl valurs of ddr,20 agrerd well. However, t,hr change i n  
mran drop sizr with air velocity predicted by equation (14) 
was somewhat greater than that found experimentally. 

Hruhrcky (rrf. X),  in a study of air atomizat'ion of water, 
found that ( 1 )  liquitl irijtlrtion parallel to the airstream gave 
h t t t . r  atoniization than irijcction normal to the airstwam. 
aiitl ( 2 )  bmt atoniization with parallrl irijcction was obtained 
w1ic.n the liquid critcrrd in the rrgion of maximum air vcdoc- 
ity. Valucs of the Sauter mean diametrr obtaincd from 
equation (14) agreed reasonably well with experimental 
values for some of the test condit.ions investigated. 

is in meters per second. 

The experiments of Nukiyama and Tanasawa did not 
cover the effects of gas properties on atomization. However, 
in reference 37, some limited experimental results are pre- 
sented which indicate the general effect of gas temperature, 
viscosity, and density on median drop size for Venturi 
atomizers. Comparison of data obtained with nitrogen 
and ethene as the atomizing gases indicated that, at constant 
gas velocity, density, and ratio of liquid-to-gas volume 
flow rates, a 60-percent decrease in gas viscosity resulted in 
approximately the same percentage increase in median 
diameter. The effect of gas density on atomization was 
indicated from comparison of data obtained with nitrogen 
and helium as the atomizing gases. At constant gas vis- 
cosity and ratio of liquid-to-gas volume flow rates, a decrease 
in gas density at the atomizer throat from 1.18 to 0.169 
gram per liter resulted in an approximately twofold increase 
in median drop diameter despite an increase in velocity. 

Sulfur inlet 

- '/in A tom iring- 
air line 

Results obtained with an exhaust-gas Venturi atomizer 
indicatrd that,  at  high liquid-to-gns volurtir flow ratios, 
improved atomization would be espcctctl with t l w  USP of 
high atomizing-gas teniprratures. At low ratios of liquid- 
to-gas volume flow rates, the improvement would be small. 
This result is consistent with trends suggested by con- 
sideration of the Nukiyama-Tanasawa drop-size correlation 
(rq. (14)) and effects of hicreased tempwature on furl 
viscosity. Heating the fuel by the high-temperature atom- 
izing gas would result in lowered fuel visrosity. A s  iridic,ated 
by equation (14), this reduced viscosity would appreciably 
affect drop size only at the large ratios of liquid-to-gas 
volume flow rates. The  effect would be wpectcd to be 
greater for liquids having high viscosity indicrs. 

P..-p-sizc Incasriremrnts w ~ w  mtitle in rc.forcviw :<8 for 
the atomization of molten sulfur in  a I'eriturl-type atoniizcr. 
A skrtch of the atomizer is presented in figure 6. The 
throat tiad a diameter of 5 inc.11. A flared diverging section 
was provided to reduce wall wetting. The air temperature 
for all experiments WW held at  approximately 293' F. 
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Atomizer 

SmolI 
Medium 
Lor* 

9 

d h , l -  dh,2* dhz3? Air 
In In In 

.lo4 ,125 .203 

. I52 .I83 ,297 

0.064 0.071 0. I 2 5  ( 0 )  

Water - 

I 1  l 1  I 

r--*+-- 1 , 

I 

(a) Cunycrgent nozzlt-s. (h) IIrdiiirii divr~r'pmt nozzlt. 

FIGVRE 7,--Sotiic air-atomizing nozzles (ref .  3!)), 

For subsonic throat velocities, the Sauter mean diameter 
ddr.32 in microns was given in reference 38 bl- 

i 16) 

where the volume flow rate of air was based on conditions 
a t  thi. Venturi throat. The Sauter mean diameter \vas 
given iii t e r m  of w i g h t  How by 

where I.-rc( is in feet per second and u'. a i d  w l  are tile nc~iglit- 
flow rates of air and sulfur, respectivcly, in poutids per lioiir. 
I t  was noted that the data at subsonic air velocities \ v w c  
in npprosimute agreeniciit with tlir predictioris of t h e  
Sulii?.urna-'l'uiiusn\ra wiuatioii i f  approsirrintr coiw(-tioii< 
wt3i-c mutlc for t h e  offcf-t of tiir t c w p w ~ t i i r c .  t i i i  i I t o n i i z n t  inn 
as found in refert.1ic.e 3i. 

wa ' "" 

I- 
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-, 

I O  20 30 40 50 60 0 4 8 12 16 20 24 28 32 
Fuel-oir rotlo, f 

2% ‘ 
(a) Fuel viscosity, 20 cetitistokes. (b) Fuel viscosity, 40 rentistokes. 

FICCRE 12.--Snuter mean dimieter against fuel-air rntio for ;&inch atnniizer (ref. 40). 

metliari drop diameter is upproximately proportiouul to the 
0.4 power of the air-orifice clinnietcr. 

Tests w r e  conducted in refcrencc 30 to tlctcrinine flow 
characteristics arid drop-size distribution for a pctrticulnr 
high-pressure nir atomizer tlesignetl to b~ usctl with highly 
viwoiis fuels in gas-turbiiic corrihustors. The gcliicrnl 
features of the at,oinizer arc preseiitetl in figurc: 11 (ti). A 
high rotat,ional speed was imparted to the air by means of the 
liclical swirlw in  the iiiiierhotly. Fiirl rntcrctl the atomizing 
scc’t ion i i i  ci radial tlirectioil throiigli ti narrow pip foririetl 
h i tn -wi i  t l i c  cirtl of the iiriicrbotly ant1 tlic oritor ctrsiiig. 
‘rhis type of design presented the fuel as a thin film to a 
IiigIi-spwtl, swirling airstrrnm. Tests w r ~ c  nintlr for two 
fuel-pip ivkltlis (0.005 m t l  0.010 in.), air pressrircs from 30 
to 100 pniiiitls p ~ r  sqiinrr iiwh gage, nntl fiii.1 p i ~ ( w t ~ r ~ ~ s  from 
1 0  to 50 poiiiitls p c ~  square iiic.li gage. All clatu w i w  obtuiiictl 
1 % - i t l i  t i i o  t i ton i izw c~slinusti~ig to room nir. Drop s i zw ww 
cl(~tc~rniiricd by the. moltcrr-\vas mr~t~hotl, wit’li t lit. \vas  prc’- 
l i ( b r i t ~ d  to simulutci fricds liaviiig kinematic viscosities of 10 
t i i i t l  21) ( w i t  istokw, rtqwchvc.ly. 111 ortlvr t o  inii~imize 
cbffocsts of clitiiig~s i i i  visc*osil>- with coolirig oii t Ii(: i i i i t  id 
l ~ t i i i ~ : ,  of t i toi i i izat iot i ,  t1io s i ipp l~ .  ~ ~ ~ i r i ~ ~ i ~ i ~ ; i t ~ r r i ~ s  of t I I ( ~  
i i  toniiziiig uir c i i i d  NILX ~ v c r i ~  I i e d t l  u t  t I I P  w i r w  vdiicb. ’ I ’ l i c  
c~sporiiiicvi tal drop-sizcb ( l i l t  ti i v ( ~ r i ~  stitisfwtoiily wpriwiit v t l  lip 
vqiiritiori i 1 1 ) .  riltlroligli tlic irrforinritioii ol)tiiiircvl WLS 

irisiifficierit to determine tlefiiiit,c corrdatioiis, the datu 
indicated that average drop size increased with (1) increase 
i i i  f u d  flow, (2) tlcwcnse i r i  airflow, (:%) iricvusc: in fiwl 
p p ,  w i f l  (4) iiicrcasc i r r  f u d  visc.osit,y. l‘he i.aiige of ].titios 
( i f  Ciii,l- to  ~iir-rirais~-flow r . : i tw  \v:is : i 1 )p r i~c i~ i i l i i -  1rir:~~i. ‘ O . S  
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result of the impetus given by its use in the earlier models 
of aircraft gas-turbine combustors and for such industrial 
purposes as spray-drying. The two general types of the 
simplex nozzle used might be classified as the grooved-core 
and the whirl-chamber txpes. I n  the grooved-core nozzle, 
the swirl rrquired for the Iiollow-c.one spray is obtained by 
using spiral grooves in the nozzle insert. In  the whirl- 
chamber nozzle, this swirl is imparted by injecting the liquid 
tangentially into n whirl cliambrr. The major portioii of 
data reported on drop-size distribution has been obtained 
with the wliirl-type nozzle. With the exception of some 
limited data in references 2 and 41, 110 published data are 
available for wide-flow-range nozzles such as the duplex that 
are generally used in current turbojet-engine combustois. 
The various types of simplex and wide-flow-range nozzles arc 
described in references 42 to 44. 

It is emphasized that only a few of the investigations have 
been of such scope as to offer hope of predicting reasonably 
accurate atomization characteristics for nozzles, fuels, o r  
operating conditions other than the particular ones tested. 
Appreciably different variation in trends and sometimes op- 
posite trends have been obtained or suggested by different 
investigators. In  addition, values for average drop size ant1 
spray uniformity have usually been obtained for the nozzles 
spraying into quiescent air at room temperature and pressure. 
Vnder actual combustor condi tioiis, the fuel spray is generally 
subjected to a blast of highly turbulent hot gases covering a 
range of pressures, temperatures, and velocities. Quantita- 
tive knowledge of the effect of such variables on fuel sprays 
from swirl-type nozzles is lacking. However, some trends 
may be assumed from results of several of the investigations 
reported in the literature. In  general, data available in the 
literature on fuel sprays are sufficient to give the combustor 
designer a rough idea of thr spray-atomization characteristics 
required for calculations of fuel spray burning aiitl evapora- 
tion rates. 

.in estensire stutly of atomization for centrifugal prrssurc 
nozzles operating with fuel oil wasmade by Longwell (ref. 45). 
Drop-size distribution was determined by freezing part of 
the spray and sieving drops into various size groups. Thr  
drop-size distribution data were c*orrrlatctl by the following 
equations: 

where 
2 distribution constant 
d d r  drop diameter, microns 
dd,,.,, mass-median drop cliamrtc~, microns 
Ap,, riozzle prrssure drop (59 to 3Uir Ib/sq in.) 
f h  nozzle-orifice radius (0.04 to 1.4 cm) 
j3 spray-cone angle (60° to 120O) 
( d r  fractional weight of spray containing drops of ditlrnrter 

2) kinematic viscosity (0.08 to 0.8 cm2/sw) 
larger than ddr 

The distribution constant, which is a measure of the weight 
fraction of spray coritainc~l within a given range of drop 
diameters about the most probable drop diameter, is plotted 
in figure 14. Larger values of Qare  associated with large 
fractions of the spray contained within the given drop-size 
range and consequently with a more uniform spray. 

Correlations of drop-size data with operating parameters 
are given by Bowen and Joyce (ref. 46) and by Watson 
(ref. 47) .  A s  an esample of such corrthtions, Vatson  
reports that 

&.32=U(-V,l)* (VI' ( A P " ) - k  (21) 

where the flow number is defined as 

Watson reports that, Joseph Lucas and Company data show 
the exponents to have the following values : 

i=O. 209 
j = O .  215 
k=O. 348 

( 2 3 )  

With these values equation (21) can be rearranged into log 
form as 

log ddl,st=log d f 0 .  209 log -\-,,+(I 215 log v-  
0. 348 log Apm (24) 

In reference 48, the drop-size data for two l lonarch ~ioz-  
zles having rated capacities of 3.0 arid 17.5 gallons per hour 

( I '  

' I  
+i 

FIGURE 14.-Distribution constant for a fuel-oil spray (ref. 45). 
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n-rrr rorrclntrd i n  tcrnir of t l i r  Rosin-Rtimnilcr clistribut ion 
filii(-tion. .\Ioltt.n n as. siniulutirig I\crosc~iie, was sprcl\-cd 
into room air. Sozzle pressure drops raiigeil from 25 to 
1% pounds per square iiirh. Drop sizes were determined 
by measuring photographs of representatire samples of the 
soliclifietl droplets. The filial rrsults \\-err esprrsscd h?- the 
following equations: 
For tlic 3.0-galloit-per-lioiir nozzle : 

( 2 5 )  

For t l i r  1 i.;3-pt~llori-pr~-iioit~~ I I O Z Z ~ ~ :  

.I=:w ~p;"." niicroiis (27) 

iJdr,32=2jl  pi"." niicroiis (28 1 

The spray-cone ang!es of the nozzles were not reported. 
Bowen and Jo>-c*r (ref. 461 obtuiiied correlations based on 

the complete set of molten-was data up to that time. A11 
tlir data were ohtuinecl with moltcri wtix liavirig a viscosit,\- 
simulating t lint of krrostvic (approsinuitPl!- 2.0 centistoltcs). 
T l i ~  major portion of the data \\-as obtained with Joseph 
I, I I  ( x s  t i  I i(  1 'o nip ti n?- \v t i i 1.1- t y pv c e I i t r i f ugul n t o ni i z t m  . The 
gt.iitwd fentures of t h  swirl c*tiunii)crs of tliesr atomizers arc' 
given in reference 49. The followirig correlations were 
given : 

The effects of cone angle on atoniizutioii were ] lot appre- 
ciable for prtasurc chops tihove approximately 30 pounds 
per squtire irich. For low ~ ) r w s r i t ~  drops (approximately 
10 lh'sq in.) and for ('otic arig1t.s less than  approximately 7 5 O ,  
t I i c w  was a rapid incrrasc i n  drop size with decrease in cone 
unglt~.  ('ow-angle effects preclominatetl i n  t8his operating 
rcyion. C-se of the  prwwliiig rrlatioiis for cstimates of 
iitomizutiori iri t h v  l o ~ v - ~ ~ r c ~ s s i ~ r c ~ - t l r o l )  roiigc was rwom- 
nivii(1wI onl? for tiroinizvrs of npt inirim i 'o i i (b  I L I I ~ I P .  ' l ' l i v  
i&t ioiis w, . ' ( I  givcb too l o w  titi cist irntltr of t lrop s;zil for 
1iut~ro~\--c~oiic.-urlpl4. atoinizcm in this wgioii. So rstiriiate 
of t t i t ,  t i (~ i t r a ry  of t l i v  c.orrchtiniis wiw giveti. 

I i i  rt.fvrcnc-t~ 50, tlie tlrop-siizc datu corisitltwd bj. Bu~vc~ii  
arid Joj-ce (ref. 46) were reanalyzed using the multiple- 
rogrwsiori t ~ ~ 4 i i i i q i i ~ .  An equation for the  Sauter mcaii 
cliariicLtcr of t l i t .  forin i i s tv l  hy Rowrii t i i i ( l  .Joyve \VIM ohtairicvl 
nnd is givcn by 

log dd,,T2=2.644i- (0.~3970-0.0315:3 Avf,) log Apn ( 3 2 )  
1 his cquatiori gave an accuracF of 1 2 2 . 9  percriit'. T h e  
dat,a were also correlated in terms of an equation of simpler 
form given by 

I \  

log dd,,32=2.6219-0.3395 log Ap,+O.1979 log zV,l (33) 

This equation gave 'an accuracy of f23 .3  percent. An 
additional correlation inclutliiig the effect.s of cone angle 
f l  was given by 

log rld, ,3?=3.5060-0.5Sj3 log Ap,i0.08171 log .V,I+ 
0.02331 Nfr log Ap,-O.01743 fl+0.000082:36 @'+ 
0.002467 19 log Ap,, (34) 

This equation gave an nccurac\- of & 18.1 percent,. llsc of 
this complicated equution was not considered warrniitecl 
except under exceptional circumstances. 

All the data of Bowen and Joyce considered in the fore- 
going correlations were obtained for a molten-wax viscosit?- 
of approximately 2.0 centistokes. However, Joyce (ref. 44) 
has presented a graph giving the results of some preliminary 
tests on the effect of viscosity ox1 Sauter meaii diametcr. 
At a nozzle pressure drop of 100 pounds pcr square inch, nn 
increase in kinematic viscosity from 2 t,o 18.5 ccwtistokes 
increased the Sauter mean tliamrter from approsimattdy 
97 to 110 microns. Tlir rrsults of rcfrrc~ricc -14 iritlic*ntc. tliiit ,  
the Suut,er meaii clianicter is appi*osimetcd>- proportionnl to 
viscosity to the 0.25 power. 
h study of spatial spray distribution, drop-sizr clistrihu- 

tiori, and caparity of centrifugal pressure-atomizing i~ozzlcs 
is reported by Tute a d  llarsliall (ref. 29). Tire drop-size 
distribution data were obtained with groovrd-core (win- 
mercial nozzles and tlyrd water. Spray samples w i w  col- 
lectcd in glass-bot tom collecting cells filled witli a solution 
immisc8it)lc wit ti w i t  w. Drop sizcs w r r  dctrrniinrtl from 
a visiid roriiit of i)lic)toriiit.rograI)tis of t l i c  stiniplvs. .\Ivan 
( i rop sizv aiid s p y  uniformity iw, ( ~ s p r i ~ s w l  i i i  tcwiis of 
orifict. tlianictcr u i i d  cdwlatet l  tuiigc!:tiul alid vertical 
vrlocit ies of the sprayrtl liquid. 'l'hrse velocity compo- 
nents itrr "sitp(>rfic*ial nvcrsgc," vdocitics, tlic taiigtiiititil 
cwtiiporivtit lwirig h w t l  on 1-oiitlitintis just upstrcwii of t t i e  

oritice, t d  tlir v w t i c d  coniponc~nt on tlw assumption of u 
full-flowiiig orifice. Graphs arid rquafioiis arc prcwntt4 
that permit t lie c*alculatioii of drop-sizc distri1)rit ion for the 
p t i r t id t i r  nozzlcs ant1 opewit ing caoridit inns irivcst ignt (4. 
h nwt Iiocl is suggcstc(l that niight permit, usc  of t l i r  (.orrcItL- 
t ion for whirl-c-liarnI)rr centrifugal nozzlcs. Ho\wvcr, no 
contiimiation of this mrthod is givcn. No data w r c  ob- 
tairitvl to prrniit c~stimtttiori of drop-size distribiitioii for 
liqiiitls otlicr than w-stw. H o w t ~ r r ,  a liniitctl set of data 
\ cw o l t t  aitirvl giving tlir c+Twt nf viscositJ- on mwn drop 
size, for o i i v  groovcvl-cmv ~ i n z z l c  o p n t i t i g  t i t  i-niist.iiiit 

p r i ~ * s i t r i ~ .  \VIii*n I i i l i c s n i i l t i c .  visc.osit>, \vas incrt~nscd from 
1 to 7 w r i t  istolics. mean clrop sizr i i i (" is td  front approxi- 
r i i t i t r ~ l ? .  54 to i s  inicm)iis. 'rlw r ih t  ion of I,oiigw4 (rrf. 
451 for t l i t ,  c , l fwt  of prc.ssurc drop, orifip tliclnieter, cone angle, 
and viscosity on mean drop size did not' fit the data obtained 
i i i  this investigation. 

S1iiift.r r~r i t l  Rovry irof. :<.2) c*oiwltit(vl t hr drop-sizp tlatn 
o f  Ki ip i~ (rc3f. I n )  i n  tisriiis o f  ttir ilirric~risionlc~ss k~o i ip  
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t / , ~ p , / a .  'I'lic corrrlntion iticlic-atcis that, for tlic ra~igc of 
c~spt~iinient ul cotidit ion3 itivost igtit tvl by Rupc, surface 
trtision was the  niajor liquid property affecting drop size. 

Turner aiitl Jloultoti (ref. 28) obtained drop-size distribu- 
tion data for several commercial grooved-core and whirl- 
chaniber centrifugal pressure nozzles. Organic, mat erials 
that solidified well above room temperature were sprayed 
into room air. The solidified droplets from the entire spraj- 
\\ere c-ollrctctl. atid a rt~plcsrtitat ivc saniple was analyzed 
by visual count under liigli magnification. Graphs and 
equations that permit calculation of drop-size distribution 
for the particular nozzles and operating conditions investi- 
gated arc presented iti reference 28. Data were obtained 
over a limited rtitige of surfaw tensions antl viscosities. 
'rllc data ititlicnttd tliat nitlati drop size was proportional to 
(1) surface tension to powers from approximately 0.6 to 1.0, 
(2)  viscositj- to the 0.25 power or less, (3) weigh-flow rate 
to the -0.38 to -0.58 power, and (4) orifice diameter to 
approximately the 1.5 power. The cffect of liquid densit!- 
oti ntoniizatioti was not determined. If the correlation is 
t>sprcestd i n  ternis of injection pressure different ial as a 
viiriatilc. t lie mean drop size will be approsiniate1)- pro- 
portioiial to t l t c  square root of the orificr cliunirtt~r, u r t d t  
i n  nprccniciit n i t  Ii reference 43. 

'I'lie corrtht ioiis of reference 28 predict surface-tcirsioii 
chtfwts t l i i i t  are appreriably greater than cspwtctl ( e .  g., 
rcif. 44). Honertr,  i t i  reference 51,  tests oii a swirl-type 
pt~cssurc atomizer indicated that the cliatiges iii surface 
t wisioii to he found among tlie various hydrocarbon-type 
f u c 4 ~  would I i a w  a nrgligiblc effect on average drop size. 
I-iwosity \vas cotisiclered to be the dominnnt fuel property 
i n  tlic determitiat ion of fineness of atomization. 

I I I  rc~frreiicr 52 some drop-size measurements are reported 
for Iiollow-colic atid solid-cone commercial nozzles spraJ-itig 
i i i t o  room n i t . .  IYitttIr \vas used for all tests. With otic es-  
wpt i o i i .  t lie tiozzlt. pr'ssurc drop wtis 50 porinds per square 
i t i ( 5 l i .  Sprti?- snmples wtire c~ollrc*tctl on prcbuscd ~ I I L S S  slitlrs 
t t i d  twre pliotogt'aplird and measured under magnification. 
R(~tisoiinl)lv nptwmc~tit \vas fortiid ht~tween tlie observed 
tlrop-sizo ilistributioii : i i i tL values obtairiecl by other itivesti- 
Kittors (wf. ::$I with t t w  sum(' tJ-po iiozzlcs. 'I'lie rcbsrtlts 
iiitlicatcd no sigiiificmit difference in mean drop sizes pro- 
t l r i c ~ d  hy t I i c t  Iiollo~r-cone antl solid-cone nozzles. On tlie 
hiisis of tlir corn1)iiiccl data for both typt nozzles. i t  was 
cmiivltitletl t l i t i t  t 116. mass-median diameter was approxi- 
mntcalJ, proportioiinl to the orifice diameter. This would 
I)I, i t i  ngrtwnc.tit with the rondusion of Longwc~ll (ref. 4 5 ) .  
Ho\\wvcr, it is tiotccl that, if the data were restricted to  
t h s c ~  obtairicd n i t  Ii t I i c  Iiollow-conr iiozzles, t lie mass-mccliaii 
t1iamc.t woul~l  he approximately proport iorinl to the 0.6 
~ J W T  of t l i v  orifice. tliutnrtrr, a result siiniltir to t licit rvpnrtr(1 
i i i  i x ~ f t ~ t . c ~ i i c . c ~ s  2% t i t i ( 1  4( i ,  

I tie drop-sizv c.orrclat ions prcwtitc.(l \vw(a 1)trsc~ci oti c l i t t t i  

01)taincd wit t i  t I i v  iiozzlt~ sprayirig into qiticswttt t'ontii air. 
In turbojet c*onil~ustors, Iiowcvcr, tltc fucl is sprayctl into 
highly turbulent gas streams covering a range of pressures. 
tcmpcmtirrcs, nt id  vdocitirs. Tnvcstigations of ttir c+Twt 
of tlit.sc~ fit(.tot.s oti rttornizatiori arc' siifiiviviit to gi1-v oiil?. 1111 

i r i r l i v r i t  i o i i  of t l i c .  t t ~ c ~ t i i l s  involved. 

r .  

T h e  data of Lewis et 61. (rtif. :3i) and Garner antl Henny 
(ref. 54) indicate that drop size i i i c r w w s  with B tlwreast~ in 
the pressure of the surrounding gas. The results of refer- 
ence 37 also indicate that drop size increases with a decrease 
in the temperature of the surrounding gas. 

Kruse, Hess, and Ludvik (ref. 55) have iiivestigated the  
effect of air velocity and direction on tlie Sautcr mean diam- 
eter, The resuhs are illustrated in figure 15. Kitl i  contra- 
stream injection, there was a steady decrease in drop size 
witli increase in air velocilj-. With injection in the tlirertion 
of the airstream, the drop size increased with increase iii 
air velocity up to a point where the air and liquid velocities 
were approximately equal. Further increase in air velocity 
then resulted in a decrease in the drop size wliicli approaclied 
that obtained with contrastream injection. Aclditional tests 
with tlie nozzle spraying normal to the airstream indicated 
drop sizes between those obtained with contrastream injec- 
tion and injection in the direction of the airstream. These 
results are consistent with the theory that atomization is 
caused by interaction of the liquid with the airstream antl, 
hence, is a function of the relative liquid-air velocity. 

The major portion of the drop-size distribution data for 
ctwtrifugal pressure-atomizing nozzles was obt aiiietl 1)y some 
version of tlie molten-wax method. In  this method. a \vas  
or other material that melts w ~ l l  above room temperature 
is sprayed into room air. By appropriate clioicc of mattvial 
and preheat temperature, the initial viscosity of the sprayed 
liquid at the nozzle can be set a t  the desired value. The 
droplets freeze in flight and are collected. Drop-size dis- 
tribution is determined hy the filtration or seclinictitation 
method or by microscopic measurement of a represent at ive 
sample (ref. 56). There is some question as to the validity 
of data obtained by the molten-wax method. A limited 
set of data by Longwell (ref. 45)  suggests that this method 
may give a higliw mean drop sizc than would he obtained 
by using the actual liquid tlie molten \vas is intriitlccl t n  

simulate. In  these tests. two oils wcre spra>-td into still 
air. One oil was preheated in order to reduce its viscositJ- 
to that of the less viscous oil. Tlie tests i n t l i w t c t l  t l i n t  the  
prrlieatcd oil gave a higher nitwi drop sizc. Tliis wis 
attributed by Longwell to the increase i n  viscositJ- of t lie 
preheated oil as it was cooled during atomization. A similar 
Pffert would be expected for t h c b  nrolten-was nwtliod. 
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SUMMAUY COMMENTS O N  UTILITY OF FUEL-ATOMIZATION DATA 

For cstinitites of drop size to be cspected with air atomizcm 
operating a t  subsonic velocities, equation (14) is recom- 
mended. It is noted, however, that  this relation is limited 
to air at 7 7 O  F and atmospheric pressure in the atomizing 
section. Rough corrections for changes in temperature, 
density, and viscosity of the atomizing gas may be made on 
the basis of the da ta  of reference 37. 

For air atomizers operating at sonic velocities, the results 
of references 39 and 40 indicate that average drop size may 
be approximately correlated in terms of the ratio of liquid- 
to-air weight-flow rate wI/wa,  average drop size decreasing 
with decrease in wI/wa. The data of references 39 and 40 
indicate that avernge drop size is approximately proportional 
to the square root of the air-orifice diameter for atomizers 
of similar shape. The da ta  of reference 39 suggest that fuel 
viscosity has a greater effect than surface tension for sonic 
air atomizers. Air atomizers appear to be a particularly 
effective means for obtaining fine sprays with highly viscous 
fuels (20 to 40 centistokes). 

The major portion of the drop-size data obtained with 
swirl-type pressure atomizers indicates that average drop 
size is roughly proportional to the square root of the orifice 
diameter and to tho  pressure drop to the -0.4 power. A t  
constant atomizer size, the average tlrop size increases with 
decwvist. i n  spra>--cone angle from the optimum value (80' 
to 1 0 0 O ) .  This increase in drop size becomes more pro- 
nounced at the  lower nozzle pressure drops. The accuracy 
and limitations of the available correlations for drop size do 
not appear to warrarlt their use for more than rough esti- 
mutcs of ntomizstion for atomizers and liquids other than 
t lit. otit's inrwt igat ed. 

T h e  available data on centrifugal atomizers indicate that 
a~(wipt .  drop size is approsiniately proportional to the fourth 
root of the furl viscosit>-. Insufficicrit data are available 
to i i i ( i i (* t i t  ( 1  qricintitattivv c.ffwts of surfncoci tension on atom- 
i m t  ion. 1 1 1  i ~ t ~ f ( ~ ( ~ t i t ~ ~  '18, t lie uveragtt tlrop sizr wns found 
to be proportiorid to f w l  surface tension to the 0.6 to 0.7 
p o w r .  111 rcfcrciire 32,  a dimensionless parameter corre- 
spotitling to t hc Wchr number was found to correlate tlrop 
size. thus iridivat ing t l w  srirfaw trnsion to bt. the major 
fuel-property effect. However, in reference 50, the surface- 
trnsion effects appear to be minor. Since the surface- 
ttwsion range for most hydrocarbon fuels is quite narrow, 
t1w c t T r c o t  of surfare trnsion on avrrnge tlrop size can prob- 
at1l)- be negltvtecl without serious error. 

Drop sizr for c-entrifugal atomizrrs would be expected to 
incwiase wi th  ( 1 )  a decrease in the pressure or temperature 
of tlic surrountling gas (rtbf. 37) arid (2) a decrcase in the 
r th t ive  vt*loc*ity betwccri the injwted liquid and the sur- 
rniiriding pis st r w m  (rclf. 5 5 ) .  

EVAPORATION OF FUEL 

The cwporatioii of ttic atomized fuel is thc second major 
3tc.p of t h o  fud-propnrntio1i prowss in jrt. cwgirits. Both 
coinhustor prrformance and rrquired combustor lcngt,li are 

influenced by the rate of vapor formation. A knowledge of 
how the spray-cvaporatiori procrss is nfit.ctrtl by the nir- 
flow conditions, fuel-injection conditioiis, and fuel type is 
therefore important,. I n  this section, the steady-state evap- 
oration of single drops and sprays into static and dynamic 
surroundings and into both low- and high-temperature sur- 
roundings is considered. The unsteady-state process exist- 
ing during t'he initial period of drop evaporation is also 
discussed. 

In addition to rate consideration, the vapor-liquid-phase 
equilibrium conditions must be included in an ana lp is  of 
spray evaporation. Although the fuel injected into jet 
engines seldom attains phase equilibrium, the maximum 
amount of spray evaporation is represented by such con- 
ditions. For low-temperature operating conditions and 
for fuels of low volat,ility, the phase equilibrium conditions 
are important factors to be considered in an evaluation of 
the fuel spray-evaporation process in jet  engines. 

EQUILIBRIUM PZASH VAPORlZATlON 

Vnder some operating conditions and for the low-er- 
volatility fuels, the fraction of fuel evaporated in an air- 
stream may he limit,ed to a low value rrgartlless of the time 
nllowrd for evaporation (ref. 57) .  Such conditions are 
reached when the vapor concentration of the fuel-air mixture 
reaches its saturation value. For multiromponent fuels, ttic 
calculation of this limiting value of percentage evapornted 
is based on the equilibrium flash-vaporization curvc. 

For fuels having known constituents, the equilibrium 
flash-vaporization curve a t  a given pressure and trmpcr- 
ature may be calculated by simultaneous solution of material 
balance equations and equilibrium relations for the individual 
constituents. Such a calculation procedure might be applied 
to petroleum fractions by assuming the fuel to be composed 
of a finite number of individual const itrirnts. However, 
s i i c - l i  r i i c t  hods are generally impratat i d  for pelt rolriirn frac- 
tions. t i i i d  rc('oursc Itas twc,ti n iat l t ,  t o  t~ r i ip i r i~d  rorrrlations 
that permit estimation of tlie cqriilibriuni flusl~-vaporizntion 
curve from distillation curves. Graphs are prescntcd in 
refertmw 58 and 59 that, relate tlic atniosplic.ric cqiilibrium 
flasti-\.aporizution curve to tlie true boiling point and the 
ASTLI analytical distillation curves. Two methods arc 
available for correcting t h e  atmospheric cviuilibrium flash- 
vaporization curve to other pressures. For vapor pressures 
hclon and slightly above utmosplieric prtwurt,  the flasti- 
vaporization curvc is assumctl to shift parallel to itself. 
Tlic shift, is based on a particular point on the atmospheric 
flash-vaporization curves, whicli is trrntetl as a pure coni- 
pound on a vapor-pressure chart. 111 reference 58 the base 
point is taken as tlic 40-percerit-vnporized point on t,he 
at mospliwic flash-vaporizat ion curvc. For correction of 
t tic I L ~  niosplicric flash-vaporizcit ion viirvr t o  Iiighcr prrssiires, 
. l i t >  ri~coninicntlctl pro(wIurt* is htiw1 L I I  t f i c b  construction 
of a phctse diagram on a Cos vapor-pressure chart (refs. 
58 arid 60). 

In order to relate initial atid final condit,ions for 
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eraporation with or without the presence of air, tlie 
energy equation is tlpplid, assiiniitig an ad iah t i c  niising 
process. If kinetic energy is neglected, the energy equtition 
is given by 

For petroleum fractions, the enthalpies required in the use 
of the energy cquations may be estimated from empirical 
relations available i n  reference 58. 

From Dalton's law*, the fuel vapor pressure p,.#, ambient 
pressure p ,  and fraction of fuel vaporized tv  may be related by 

From equations (35) and (36) and the equilibrium flasti- 
vaporization curves, the final temperature and pacer1 tage 
of fuel vaporizcd may be related to tlie fuel-air ratio, the 
total pressure, and the inlet temperatures of the fuel and air. 

\Vitliiri the specificutiou limits of jet fuels, tlicre may be 
rather wide variations i n  the ASTlI distillation curvc~. 
These variations a1-v reAect,ed in  tlie equilibrium flash- 
vaporization ciirvcs u t i t l ,  ronscqueritly, may result in  ap- 
preciable chaiiges i n  tile conditions required to obtaiu 
various degrees of flash vaporization ill the corribustor or 
heat exchanger. 111 order to illustrate the effwt of fuel 
variations on flash vaporizatiori, the preceding ctilculiit ion 
procedures w r e  npplietl to the ASTSI distillatioii curvcs 
for JP-4 fuels prcseiitetl in figure 6(c) of reference 61. This 
figure is reprotlurctl i n  figure 16. The utmosplieric equi- 
1il)riuin flash-vaporization curves correspontling t o  the ttirrr 
ASTlI tlistillurioii ciiIvcs of figure 16 wcrc calwlatt~(1 by 

tlie teniI)(.r"tiirc-ciitli"l['?. ciirvcs corrtqoticlitlg t o  t l i t .  t l i r v o  
fuels were also caleulatetl by tlie method of rrft~rcwcc~ .is. 

tilc l l l c . ~ ~ l o c ~  of r ~ h ~ ( ~ l ~ ~ ~ l l t ~ ( ~  38. 'rile fuci I~r( tss l l rc ta  :l l lt i  
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(a) Minimum envelope of figure 16. (b) Avcmge curve of figurc 16. ( c )  h1:ixitiium envelope of figure 16. 
FIGITRE 1 i.-EqiiiIit~riiirn v:qmrizatiori of gr:ide JF.4 fuc-Is. Fric.l-:tir r:ttio, 0 06. 
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STEADY-STATE DROP EVAPORATION INTO STATIC SURROUNDINGS 

Drop evaporation theory.--~tt.utl\--statc t'\ iiporatioli froni 
drops into static surroundings provides a simple illustration 
of the principles iiivolved iii evaporation over wide ranges of 
conditions. The evaporation rates so determined may be 
applied to conditions of low relative velocity between the 
fuel drops and the airstream in combustors. The assumed 
physical model is shown in figure 18. Vapor at  the satura- 
tion pressure for the drop surface temperature diffuses to the 
surrounding atmospliere. The drop surface temperature is 
at  a value below that of the surroundings, so that heat is 
transferred to the drop at a rate which is just adequate to 
supply the necessary lieat for the eraporatioo. 

Fuel droolei 

Temperolu re 1 i _ _  
1 

I 
_. 

Pressure of 
dittosing 

vapor 

I 
I 

Radio1 dislonce. r 

The evaporation rate of the droplet can be expressed in 
terms of either mass- or heat-transfer equations. In  the 
derivation of these equations, i t  is assumed that a quasi- 
stationary state exists such that the vapor concentration and 
temperature gradients around the drop are, at every instant, 
those corresponding to equilibrium values for the existing 
drop size. This assumption is shown to be correct to a high 
degree of approximation in reference 62. I t  is also assumed 
that the temperature i n  the drop interior is constarit ctt its 
equilibrium value. For the condition of sptiwicd syinriic>try, 
the differential heat- and mass-transfer eqirtttiorrs for a sphcr- 
ical surface a t  a distance r from the drop center are gilcri by 

(37) 

1~1ie1.e 
CP 1 .;pc*c-ific- hrnt of diffusiiig vnpoi' 
D? 8 diffusivity of diffusing vapor i n  w r  
H ,  latent lieat of vapwization a t  drop surface 

JI, molecular weight of cliff using vapor 
P!*Q vapor pressure of diffusing vapor 
I' radial distance from drop center 
In equation (:37), the term c p  , (T -Ts )  represents the en- 
thalpy cliaiige of the fuel vapor between the drop surface 
ant1 the surface considered. 'I'liis relation equates the heat 
transferretl by mass movement of the vapor to that trans- 
ferred by tliermal conductivity. Equation (38) is the appli- 
cation of the Stefan tliffusioi~ ?quation (ref. 63, p. 601) to 
drop e\ aporutiori. 

For evaporation in quiescent surroundings these equations 
are integrated between the drop surface and infinity to obtain 
the following equations: 

temperature 

where 

For these integrations, c,,,, K,,, arid D,,,/T were assumed to 
he constant nntl to represerit mean values between the drop 
surfnce ni i t l  tlic surroundings. 

The parameter @ corrects for tlir effect of mass movement 
of the f u e l  vapor 011 the heat transferretl to the drop surface 
(e. g,, ref. 64) is plotted against ( C ~ , ~ / H J  
(Tg-Ts). 

In figure 19, 
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The parameter pip,.,, can be considered to be a correction 
for the difference in the cotculated values of diffusion rates 
based on diffusion of one gas through a second stagnant gas 
antl equimolal counterdiffusion. In  figure 20, is 
plot tetl against ~ , . ~ / p  for several values of p e , - / p .  

Iri most studies of drop evaporation, the experimental 
conditions have been such that the correotion factors and 
p/p,, of equations (39) and (40) could be assumed equal 
to uni t -  without appreciable error. However, the work of 
Priem (ref. 65) indicates that inclusion of gives close 
ngreenieiit between predicted ancl experimental volues for 
evaporation in high-tcmprrature airstreams where 3 is 
well below unity. Although i t  has no significant effect on 
the calculations, the use of the correction factor p/p,,{ was 
ronsitlrreil warranted subject to additional information on 
chop evaporation. 

Evaporation into low-temperature surroundings.-For 
eraporat iori in  to low-temperature surroundings where the 
sensible heat change of the vapor between the drop surface 
ant1 surrounrlings is small compared with tlie lutcnt ticat of 
vaporization, 3 approaches unit>- and equation (39) reduces 
to the following relation: 

This qiiation is similar i n  form to that of simplr ticat trnns- 
f w  to .- _plirrc in qriic~st~c~nt srirrount1int:s. Similarly, for 
evaporation whcrr tlic vapor pressure a t  tlic drop surface 
is small comparrd with the total pressure, p / ~ , , ~  apprnnchcBs 
unity antl rquation (40) reduces to 

This rdation is the Langmuir equation (ref. 66). Equations 

(41) and (42) are of similar form, illustrating thr analogy 
bc>twerri litsat ant1 miss trt i i isft~ Eqiititioti (42)  has bwti 
experimentally verified wit 1 1  drops of several rtdatively 
low-volatility liquids rruporn t ing into low-temperat ure 
surroundings (refs. 67 to 7 1 ) .  The equation was found to be 
valid a t  total pressures near atmospheric. 

Replacing m in equation (41) by plsd; , /6 ,  rearranging, ancl 
integrating give the following relation between the initial 
drop diameter ddr,o m rid the drop diameter ddr aftrr  an evapo- 
ration timet: 

(43) d:, = d:,. - x t 
where 

is known as the evaporation constant. Equation ( u )  
shows that there is a linear relation between the square of 
the drop diameter and the evaporation time for drops 
evaporating in quiescent surroundings. 

From equation (42), the drop evaporation rate per unit 
drop surface area is inversely proportional to the drop 
diameter. I n  addition, this rate is inversely proportional 
to pressure as determined by tlie pressure tlependcnw of 
the diffusion coefficient. Therefore, for sufficiently small 
drops or low total pressures, the evaporation rate per unit 
area as obtained from equation (42) beconies greater t h a n  
the theoretical maximum evaporation rate in a vacuum, as 
determined by gas kinetics (ref. 72). The maximum evapo- 
ration rate for a drop evaporating isothermally in a vncurim 
is given by the following equation : 

(45') 

The acrommodation cot4€icictit a represents the frartion 
of vapor molrcwles that rnridense as t h y  striktb t t ic  liquid 
surface. 

The evaporation of vrry small drops was t'rrattd theo- 
retically by Fuchs irrbf. 7 8 ) .  In this niid~-sis. tliffrisinn 
was consitlrrrtl to start at a t l i s t~~i icc~  approsirnatdj- 1 rnwn 
free path from the drop siirfncr. For p r , =  c q r d  t o  zc'ro. tILe 
drop evaporation ratr  ac~rw-tling to th is  motic.1 is tlrsrribtvl 
in tlic following equatioii: 

(46) 

where 2 is the distance between the drop surface and the 
surface where diffusion is assumrd to start. 

For drop dirtmeters large compurrtl with I, this rquatiori 
retluc-rs to t l i c  IAangniuir equation fnr p I .  cqual to zcro 
For very small drops, the second term in the denominator 
appronches zero, arid the evaporation rate approarhes 
that of a drop evaporating in a vacuum as given by  equation 
(45). Similarly, for the larger drops, this theoretical maxi- 
mum evaporation rate is approached at sufficiently low 
pressurps where x again is large compared with the drop 
dinmetw 
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This theory has been verified experimentally at low 
pressures (refs. 7-1 to 7 6 ) .  Evaporution rates of dibutyl 
phthalate, butyl stearate, and straight-chain paraffin hydro- 
carbon drops approximately 500 microns in diameter uere 
determined over a range of temperature from 60' to 105' 
F arid at pressures down to 0.1 millimeter of mercury ab- 
solute. However, for most applications, the use of equation 
(46) is not necessarv. Bt atmospheric pressure, the effect 
predicted by Fuclis would be negligible for drops larger 
ttian 1 micron. 

Other factors that  affect predicted values of drop evapora- 
tion rate are the drop surface tension and free convection. 
The correction for the effect of surface tension on the satura- 
tion vapor pressure of the drop is insignificant for drops 
larger than 1 micron (ref. 7 7 ) .  For evaporation in low- 
temperature surroundings, the influence of free convection 
on the experimental results is also minor, if the drop diam- 
eters and  containing vessel are small (ref. 70). 

Evaporation into high-temperature surroundings.-If free- 
convection effects can be neglected, equations (39), (40), 
and (13) should apply to the steady-state evaporation of 
single drops in quiescent high-temperature surroundings. 
For this case the evaporation constant is given by 

The sensible heat change of tlie diffusing vapor may be 
large compared with the latent heat of vaporization for 
evaporation in high-temperature surroundings. Conse- 
quently, the effect of 9 on tlie calculated evaporation rate 
may be appreciable. I n  figure 81 the reciprocal of d is 
presented for isooctane nnd water drops evaporating into 
various temperature surroundings. The reciprocal of 9 is 
approximately equal to the ratio of the evaporation rate 
predicted by the siniple heat-transfer equation to that pre- 
dicted by the heat-transfer equation accounting for tlie en- 
thalpy change of the fuel vapor. A large difference between 
the two calculated evaporation rates is evident for the iso- 
octane drops and higher air tcrnperatures. The effect is 
much less for the water drops, since water has u high lutenl 
heat of vaporization. 

Drop evapomtion into high-temperature quiescent sur- 
roundings has not been studied extensivcly. Some data are 
presented i n  rpfcrrnce 78 for single drops of cetane, n- 
heptane, benzenc, arid ethyl alcohol evaporating in liigh- 
temperature air suspended from a silica filament. The drops 
were placed in an  electric furnace and photographed while 
evaporating. The data indicated that equation (43) is valid 
over most of the evaporation period. However, the experi- 
mental valurs of the evaporation constant arc over twice 
those calculated from equation ( 4 i ) ,  even for d taken cqiial 
to unity. Part of this tliscrcpsricy might be attributed to  
free-convection air ciirrents in the furnace. 

hlost of the available experimental and analytical work 
in this region has been done with single drops burning in 
quiescent atmospheres. The  burning drop has been con- 
sidered theoretically as a special case of evaporation, where 
the heat for vaporization is supplied from a burnin, 0.  zone 
siirrouncling the drop. Tlie drop surfave temperature is 
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FIGZ-RE 21.-Edect of enthalpy change of diffusing vapor on ral- 
ctilated evaporation rates of water and isooctane drops. 

assumed to be at  the fuel boiling point for the given ambient 
pressure. Because of the large temperature differences iri- 
volved, the error introduced by this assumption is minor. 
The burning-zone temperature arid the distance between the 
burning zone and the drop surface may be calculated from a 
simultancous solution of the heat- uiid mass-tralisfer equs- 
tions (e. g., refs. 70 and YO). 

A typical plot of the squart' of the drop diameter against 
time after igriition for u drop 1)urIiiiig i n  quiescent air is 
4 ~ o w r i  in figure 82. Duriiig the first time iiitcrvui after ig- 

- +--- - + I -J- 

I 
. 5  

Time after I .o ignlttcn, I ,  sec I .5 
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FIGURE 22.-Time variation in diameter of drop burning in quiescent 
oxygen-nitrogen atmosphere. Oxygen coricei~tration, 34.9 percent 
hy volume; evaporation constant, 1.5X 1P microns squared per 
second frrf. 80). 
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nitiori (A) ,  there is but a small change in drop diameter with 
tinic Iri this i i i t c w x l  t h e  niiijor portion of tictit passing t t i ( 1  

c l ~ ' o p  srirfucc is probti1) l~-  used to heat the drop iiiterior 
rittlier tlian to supply the lateiit ticat of vaporizatioii ( e .  g , 
ref. 65). In the second time interval (B), the data follow 
faid?. closely t h e  lincar relatiori given b>- equation (43). 
Values of the evaporation constant obtained from the slope 
of this straight-line portion of the curve arc generally i r i  
good agreement with predicted values for steady-state 
hiriiiiig. 

Esperinieiital values of the evaporation coiistnnt for typi- 
cal hydrocarbon fuel drops burning i n  quiescent air range 
from approximately 8x lo-'' to lox lo-" square foot per 
second. A detailed discussion of analytical treatments of 
the biirniiig of sinplr drops, together with available cspcri- 
nir~iital (lata, is presrtittd in chapter VII. 

DROP EVAPORATION UNDER FORCED CONVECTION 

Drop evaporation under forced-convection conditions dif- 
fers from evaporation into quiescent surroundings in two 
irnportnnt respects: The assumptions of infinite film thick- 
ness antl spherical symmetry are not applicable to drop 
eraporation into moving fluids. 

As is shown in figure 23, t he  local lieat-transfw ratcs 
change over the drop surface. In  this figure, local heat- 
transfer rate, csprrssecl as a fraction of the transfcr rate a t  
the forward stagnation point, is plotted against the anglr 
from the fori\-arc\ stagnation point. These data were obtained 
by Froessling (ref. 81) for the sublimation of a naphthalene 
bead. From boundary layer considerations, the local trans- 
fer rate would be expected to be maximum a t  the forward 
stagnation point and decrease gradually to a mininium at 
the separatiou point. The data of figure 23 apparently follow 
this type of change. Raiiz arid llarshall (ref. 82) determined 
the trntpcrature profile around an evaporating water drop. 

These measurements also iiitlicate a gradual decrease in the 
loct~l transfer rntr from the maximum \dric  n t  the fonrtirtl 
stagriation point. 

Correlations of the drop evaporation rate under forced- 
convection conditions neglect the changes in the local transfer 
rate and use an average \*slue for the entire sphere. The  
total drop in either temperature or partial pressure of diffus- 
ing vapor is assumed to take place across a stagnant film. 
These correlations are bascd on heat-transfer as u-ell as mass- 
transfer relations. Wlicn the drop tempclratrire is a t  its 
equilihium value, the heat- and mass-ti~ansfw equations 
are, respectively, as follows: 

where 

As in rquations (39) and (40), the terms K , , , ~ ,  D,,,, antl T of 
equations (48) and (49) are mean values ovcr the stagnant 
film. JIethods for calculating L'v,8 and K,,,* are presented in 
reference 65. 

Heat-transfer correlations.-Several thcore tical treat metits 
of the lieat transfer to spheres in fluid streams have twrn 
rrportrd. .Johnstone, Pigford, aiid ('hnpiri (ref. 83) assumed 
that the vrlovitJ- of the Huitl around the sphere is tangential 
to the surface arid equal to the approacli velocitJ-. For 
Reynolds numbers greater than 200, the resulting cqiiat ion 
is 

( 3 0 )  
wh rre 

.\"AH = 0. i 1-1 Re' f'r' - 

and d is spherr tliamrter. 
Drake, Saurr, and Sdiaaf (ref. 84) followctl tlie assump- 

tions tlcwribctl iii rt1frrriic.c 83 but risrd a diffcrtwt metho(1 
far  obtaining t l i t b  solution. For Iic?.nolcls i i i in i lwrs  bt4ow 
1000, t t  r two soliitioris tlitfor Kt i t l r !  u s l i c ~  (r1.E. 8 3 )  dso 
ot)taiiitd m i  analytictil solution basd on tlw thwmnl bound- 
ary layer. Tlir values of Nussdt riuniber predirtrd by the 
various tlirorctical trcatmcnts arc comparrd iii figure 24 
over a range of Reynolds numbers from 30 to 2000. 

An extensive survey of published da ta  on heat and mass 
transfer to spheres is described by Williams (ref. 86). 
T h e  suggrsttd empirical correlation of the heat-transfer 
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tlatii is girtw t)>- t l i c  followiirg c~qiiatiori : 

.VuH = 0.37 Reo.61'rli' (jl! 

In the range of Reynolds nuntbers less than 1000, the data 
showed considerablr srattrr .  This range was recently in- 
vestigated by Tang, Dunc~aii, arid Schweyer (ref. 87) .  In 
this study, heat-transfer rates for steel spheres in airst'reams 
were determined. The resulting correlation is as follows: 

S I L H = ~ .  1 +O.:<7 Re"' [ 5 2 j  

-1 qiniilnr inw~tipntion litis I)ecii tlrscritwcl I I ~  Kramcrs 
(ref. 8 8 ) .  

Ranz and \Iarslinll (rrf. 82) tlett~rmiiirtl t h ~  evaporation 
mtvs of s i i sp~~i ie l td  i v ~ i t i ~ r  ~ J K I  t)cnzciir tlrops over i i  rnnpr of 
R ( ~ y ~ ~ o l ( l s  i iunit)t~s from 0 to 200 n i i d  a t  air  tt~mpcmtiirrs 
from 80' to M o o  F. For ev:iporating watcr tlrops, the (lata 
were correlated by tlic following relation: 

*VUH = 2.1) A I ).liRI ' >f' / , !3  ( 5 3 )  

Ingebo ( r d .  89) rletc.rminetl evaporation rates of iiinr~ purr 
liquids in airstreams having temprratures ranging from 
approsimntrly 80' to 1000° F. A liquid drop was simulatrd 
by rntv~ris of a wet t t v l  cwrk sphrw having an average dianictcr 
of O.fi9 crmtimetcr. Rr~-i iolt ls  ~i r~n ib r r s  rangrtl from 1600 to 
a ,  (10. Siisstdt i i i i n n t i v r  \ v a s  corroliitc~tl in tvrms of Kcynoltls 
i i u i i i l i ~ r ,  Srliini,:; i i u n i h t ~ r ,  uiitl rut io of t t i c m i d  w i i c 1 i i c - t  i: ity 
of t h e  air and t h r b  diffiisii~g vapor. 111 a later rcport (wf. DO), 
t i t i t t i  \vt'rr o l t t t i i i i i ~ t l  i n  nir nt iipI)rosiniiitc~ly room tc\mprriil,iire 
a i d  for static pressures frorit approsiriiately 1: to 2 atrnos- 
pheres. The data indicatccl no effect of ambient pressure on 
rvnporatioii rtitc, as givrn by the Rcynolds number. An 

-- 

additional limited set of data  \vas ohtaiiied for cvaporatioii 
into streams of lirliiim, argon, a n d  rnr.lmii clioxiclr~. 'IYitr finnl 
cor.i~htioii (rrf .  is givcii t)y 

In this case the Schmidt number Sc' is the molecular momeii- 
tuni-trarisfcr coefficient divided by the molcculur niiiss- 
transfer coefficient. 

The dimensionless group ylj? in equation (54) is inversely 
proportional to ambient pressure and accordingly cniicels 
the ambient-pressure term in the Reynolds number. The 
thermal-conductivity terms arid Dg,.M. are evaluated at  the 
average temperature between the drop surface temperaturc 
and the fluid bulk temperature. Thc tc,rms I and C nrr  
evaluated at the drop surface temperature. I t  is notrd t h a t  
equation (54) is to tw usrtl with equation (48) for C Y ~ W I  to 
unity. Apparently, the temperature variation of t l i r a  

thermul-conductivity ratio K J K ,  compensates for t l it '  effwt 
of 9 OII ttic ciilculatetl eraporstioii rntc. 

h o t  her investigation of drop waporn t ion in  11 igli - 
temperature airstreams is reported by Golirl)andt (ref. 9 1 ).  

The evaporation rate of camptior spheres wns tlcterniiiirtl 
over a range of Reynolds n u n i b m  from 100 to 2000 and uir 
temperatures from about 85' to 930O F. Tlie evaporatioii 
rate was found to be proportional to the drop diametpr nntl 
the square root of t.he Reynolds number. Tlic vnrious 
pretlirtrd and r.uprrimt.rittil tlatn for tieat traiisfcr to sp1ici.c~ 
in nir :u-v caoniparrd ill fipiuc 2.5. The. Praiidtl iiunltwr of 
the>  Rntiz nr i t l  .\Inrs\iull (ref. 8 2 )  t in t l  Killiains (ref. Sl i ,  cor- 
rclat ioirs is t l i u t  of dry air. III  t i i t .  oorrthtioii of r c f ( ~ r c ~ i i c ~ c ~  
89, Sc' and the ratio K ~ / K .  ww itssumrd r ~ l i i a 1  to I I I I ~ I , ~ .  
Thr. cvrrdation f w t o r  !// 'F  \vtis i~:ilt-iilntc~d fur Iiir. 

5 t- 
= c- 
j; C.~. . . . . + . . .~ . . . i  . . . . + + . - *  
y l ,  

FIOVRF, 25.- Predicted and experimental Nusselt niimbers for hrnt 
trniihfrr for sphcrm i n  :iir 
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Mass-transfer correlations.-A theoretical approach to 
niass transfer for splierrs in moving fluids is described by 
.Jolinstone and Klcinschmidt (ref. 92). In this analysis, 
it  is assumed that the sphere contacts a cylindrical tube 
having an  inner diameter equal to that of the sphere and a 
thickness equal to the distance a diffusing molecule could 
travel in the time the sphere moves 1 diameter. Increasing 
the relative velocity between the sphere and surrounding gas 
decreases the available diffusion time and, therefore, the 
thickness of the imaginsry tube. All molecules contained 
within the tube are considered to be absorbed. Tlie Sussrlt  
numbrr for mass transfer obtained from this approach is 

(55) 

ivlierc 

Pa sc= - 
PPDI. I 

LTse of the diffusion equation in correlations of drop evap- 
oration data is limited to evaporation in relatively low- 
temperature surroundings, since this equation is very sensi- 
tive to experimental errors in the drop surface temperature 
a t  the higher surface vapor pressures. However, several 
mass-transfer correlations for the evaporation rate of droplets 
in room-temperature air have been reported. 

Williams (ref. 86) correlated the mass-transfer data of 
Frijessling (ref. 81), Johnstone and Williams (ref. 93), 
Powell (ref. 94), and McInness (see ref. 86). The  recom- 
mended equations for the mass-transfer Nusselt numhrr are 
as follo!vs: 

.\Ieisd a n t l  Slieraoocl (ref. 95) reported data on the rvap- 
oratioii of water ttritl of benzene from porous splicws. Tlic 
data for water are in good agreement with equation (56). 
Deviation of the data for benzene is attributed to incom- 
plete {vetting of the sphere. 

Frorssling (ref. 81) correlated data for evaporatioii of 
water, aniline, naphthalene, and nitrobenzene into airstreams 
at room temperature. The data were obtained over a range 
of Reynoltls numbrrs from approximatrly 2 to 750. This 
rorrelnt ion may be writ tvn in the> following form : 

-Vu.v = 2 -b 0. 5 .j R e  12Sc1/3 (57) 

Tlie mass-transfrr corrrlatiori suggestrd hy Ranz arid 
llarshtill (rrf. 82)  is as follows: 

.\~7/.,,=2+0.60li‘r””Scl’~ (58)  

Tliis v o i w l t i t i o i i  is of t tic SUIIW f o i m  11s tlicir Iiotit-trttiisfvr 
rorrrlution, h i i t  with thc  I’rwi(lt1 num1)cr rcydnc.cd by i l i v  
Sciimitlt iiumlwr, Hrfcrcm*c~ 82 SIIOH.S that t I i r  (1n.t t i  of 
l+%jessling (ref. 81) and of ,\hisel antl Shcrwood (rrf. !)5) 
ngree closely with this correlation. 

Snotlier correlntion of drop evaporation has been de- 
scribed by Kinzer and Gunn (ref. 96): 

-VuM= 2 +0.564 FocnrRt??Sc’’ (59) 

This equation was used to express evapora tion-rate data 
obtained for water drops falling freely at their terminal 
velocities through air at room temperature. Drops with 
diameters from 20 to 4200 microns were studied. Applica- 
tion of the experimental data to equation (59) indicated that 
the ventilation factor F,,,, ranged from 0 to a value greater 
than 2 in the range of Reynolds numbers smaller than 100. 
For Reynolds numbers greater tliari 100, Fr6n, was approsi- 
mately equal to 1. As noted in reference 96, tlie water drop 
evaporation data for the higher Reynolds number range 
would bc adequately correlated by equation (37) if the 
constant were reduced from 0.55 to 0.505. This represents 
a difference in the calculated Nusselt number of approxi- 
mately 7 percent for Reynolds numbers from 100 to 750. 

UNSTEADY-STATE DROP EVAPORATION 

The final case of single-drop evaporation to be considered 
is that of unsteady-state evaporation. Here, the initial 
drop temperat lire is above or below its equilibrium value and 
consequently changes with time. Both theoretical and 
experimental work has been reported for this cnse. 

Topps (ref. 97) studied evaporation rates of small drops 
falling through a high-temperature atmosphere. Initial 
drop diameters ranged from approximately 300 to 550 
microns. The results for this range of drop diameters indi- 
cated that the evaporation rate varied approximately as the 
4.5 power of the initial drop diameter. This large reduction 
in evaporation rate with decrease in initial drop diameter was 
attributed by Topps to the conduction of heat to the drop 
interior, wliirli reduced the heat availnblr for evaporation of 
the smaller tlrops. 

Kinzrr a i d  G u m  tlescrihc an  investigt~tion of the timc rate 
of change in the average temperature of falling water drops 
in referrnce 96. -4 simplified theoretical cupressioii was 
obtziinctl for the time requirrd for t l i c  tlrops t o  i~cac.11 ti:$ per- 
cent of the cquilil)i.ium t empernturc t l i f c w v  i w  Thermal 
conductivity of the drop interior was assunictl to I)c infinite. 
Satisfactory agreernc.nt was  fount1 b r t w w i  t l i c  predicted 
and rxperinieritnl values. 

E1 \Vakil, ‘L‘yeliara. ant1 l l y r r s  ( i r f .  981 tlesc~il)c a n  
trnalytical study of the unsteady-sttitc evapot ation of pure 
liquid tlrops for coiiditions similar to those cw.sting i i i  jet- 
mgine combustors. I n  this analysis, the tlirrninl coritlnc- 
tivitp of the drop iiiterior is also assiinic*tl to Iw infinite. 
hlotiori picturcs of t l w  circulation of nictallic powdtm n-itliin 
t l i c  cwiporiLting drop5 tlischsc nppiwinth  iiitwiiul oirriiln- 
t i o i l  v i i r i w i t s  nntl i i i t l i r t i fr  ‘ Imi  t l ie  : t w i n i p t i o l i  of irifiriitc 
t Iic1;.nicLI coiiilit(~tivtty is suI)stiLiiiitdIy ( 0 i w c . t  (ref. (39). 
Tempcratwr-t inic, mass-time, and peirct rnt ion-timr liistories 
w r c  culciilutivl for clrops cvalmixtitig i i i  iiir ’l‘liis typp of 
calculation involves the simultaneous solution of the heat- 
trmisfer, mass-traiisfcr, and drop-motion eqiiations. 



24 REPORT 130@--NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

A typical set of results is presented in figure 26. I n  this 
figure, percent evaporated, relative velocity, and drop tcm- 
pcrtiturc are plotted apaiiist time in millisec~oiids. The ciilcu- 
Iatioiis are for an isooctane drop having an initial diameter of 
50 niicroiis, initial temperature of 50' F, and initial velocity 
relative to air of 100 feet per second. The air was assumed 
to be at 8 pressure of atmosphere and a t  a temperature of 
1000' F. For this fuel, the amount of heat going to the drop 
interior far exceeded that supplying latent heat of vaporiza- 
tion during the major portion of the unsteady-state period. 

A detailed analytical and esperiniental study tias been c~on- 
ducted (ref. 65) to determine the validity of the theory of 
reference 98. Single drops were suspended from a fine 
thermocouple, exposed to a constant-velocity airstream. and 
photographed while evaporating. The drop diameter and 
temperature-time histories were tletermirietl for normal- 
paraffin fuels ranging from hexane to octadecaiie and for a 
range of air temperatures, air velocities, and  initial drop 
diameters. All tests were made at room pressure. Close 
agreenien t between esperiment and theory was found in the 
majority of tests. Examples of tlie agreemetlt between pre- 
dicted atid csperimental values are presented in figure 27. 
Figure 27(a'1 illustrates the condition giving the poorest 
tigrccrneii t fouiitl, aliile figure 2 i  (b) illustrates tlie hest 
agreement. 

Priem (ref. 65) also compared the esperimentol results with 
values obtained from two siniplifietl calculations neglecting 
the uusteatly-state period. I n  method 1 the drop was 
assumed to evaporate a t  its steady-state temperature. I n  
riiettiod 2 the  drop temperature was assumed to remain 
coiistant a t  ttie velue existing prior to the start of,vaporiza- 
tion (zero thcrmal condultivitp inside drop). For high- 
volatility fucls and large drop sizes, values calculated from 
methods 1 aiid 2 were in close agreement with esperimetit. 
For 1ou-vola.tility fuels and small drop sizes, tticrv was ail 

a p p r ~ ~ i i i l ) l t ~  t1ifft .t  r i i ( ~ ~  bctwrcii t l i r  cnlculntrtl nntl esperi- 
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FICLRE 2i.--Comparisori of exprrirnental and c:\lriilutcd Iii>toric,r of 
droplets (rv f .  65) .  

inrhru per sivotid; initial diamctrr, I520 niicruiis. 

mental \ d u e s ,  particularly during ttic iiiitinl period of riipor- 
ization. Of ttie two simplified mctliotls, iiietliocl 2 ?live 
brttcr tigreenlent with esperimerit. 

Another approach to the problem of obtliiiiing u simplified 
cdcrtlation procedure for uilstccitly-state evaporetion i n -  
volvcs the division of the total evepoixtioii time iiito two 
parts. 111 the first part tlie hwt,  trniisfcrwd to the tlrop 
surface is assumed to heat the drop from its initial tem- 
peraturc Ts.o to tlie st,eacly-stute temperature ITs wit'tiout 
vaporization. In ttie second p v t  t l i c  drop is nssrinwtl t o  
vaporize a t  its steat ly-sta t c tviiip(~ru t urv.  

Equutiiig tlic Iiciat trurisf(mwl to ttic drop to t tie iucrcvisr 
i t i  wiisit)l(~ I i c v ~ t ,  i i t i t l  iissiiming i r i f i r i i t c b  t l i cr t i ia i l  coti(liivtivity 
irisitlt. t l i v  (Irop, 
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For a vnriiible gas velocity, such as occurs w h i  a drop is 
injected into a gas stream, a mean value of the Susselt 
number i n  equation (61) would be required. The vaporiza- 
tion time is obtained by adding the time At,, from equation 
(61) to tlie vapoiization time obtained from the stcatl>--state 
evaporation equations (48) and (49).  For evaporation i n  a 
quiesccwt atniosplicrc, tlie time Atl for roniplr3te evaporation 
is given by 

u-liert> t l i t ,  cvuporntioii constant may be ohtuinctl from 
equation (44) or (47). 

Values of At,, obtained from equation (61) for the condi- 
tions of figures 27(a) and (b) are 0.021 and 1.61 seconds, 
respectively. These values agree well with the time during 
which there is but a small change in drop size. 

The times for 20-. 50-, and 80-percent evaporation as 
calculatecl by the various methods are compared in  table IT. 
The evaporation conditions are those of figure 27. For 
these cases. at  least, tlie results using the simplified metliod, 
in which the heating time is added to the steady-state 
temptwiture vaporization time, are in reasonably good agree- 
ment with experiment and the times obtained from the step- 
by-step calculations of reference 65. 

ADDITIONAL C O N S I D E R A l I O N S  IN DROP EVAPORATION 

Ruiiz untl ~larslitill  (ref. 82) have investigated tlic evapora- 
tion rclte of water drops containing dissolved niid suspcwtlctl 
solitls. For drops containing solids i n  solution, tlir iriitinl 
evaponitiori ratcs w ~ r e  those to he rspcrtctl for satiirittcvl 

ing solids in suspension, the initial drop evaporation rates 
\vert' those corresponding to pure water. 

?'lie contribution of radiant energy in the evaporation of 
liquid drops is analytically investigated in reference 100. 
The results of this study demonstrate that ,  under the condi- 
tions normally encountered in jet-engine combustors, the 
transfer of radiant energy to the fuel drops is negligible 
unless solid particles are added to the fuel to increase its 
emissivity. 

In dcu la t ions  of cvaporatioii rates for drops of witlc- 
boiling-rangc jet-ciigiiie fuels (e. g., scv fig. 16), the question 
arises whether the c*onipositioii of the drops c~lianges tlur- 
iiig the evaporation process, If the composition remains 
uricliniigetl, t lw drops might lw trt>atcd t is  u purc. f u c d  If t l i r  
csompositioii cl iai ip~s.  a more cornplrs trentment niiglit 1~ 
required. Imnb arid coworkers (rcfs. 101 arid 102) Iiave 
invest iga t et1 the evaporation i n  air of mu1 ticomponeri t 
sprays. The data indicate that the concentration of the 
higher-boiling component in the remaining drops i:icreases 
as the sprey evaporates. At higher air temperatures, this 
trend towards inc~easecl conwritration of the tiigtrcr-boiling 
component was more pronounced. From these expcrirneiits 
one woriltl expect 11 continuous catiange in the composition of 
the remaining drops tluririg the evaporatiori of a witlc-  
boiling-range fuel. 

-111 invmtiglatio[r of tlre e f f e c b t  of turbuleiicc on t l i c  c . v c ~ p o i . i i -  
tion of \vcitcir from s p l i t ~ e s  is roportctl by \Iaiscl u~iti  Slier- 
wood (ref. 103). The influericw of both scale arid intensity 
of tiirbulcnct~ were stutlic4. The results intlirate that  
iric~rwsctl t i t 1  hu1c.nc.c i i i t  cwsit v irifluwces t h  h r ~ f f c ~  t int1 

limitiar Iw?-rrs wlicre most of the resistanw to diffusion is 
locxte(l und tlieruforcb incwasts the evaporation ratt.. The 
s i d e  of turbulcw-c t i f f t v t S  oiily t h e  etltl>- tliffustvity in the 
f i i l l y  titi~l~iileiit rcpio~i. wtiirli rrprrsetits ti snitill frwtion of 
t tie t o td  r(whtiuiw to tlitfrtsioii. Ttius, incrwsing tli t .  wale 
uf tuhiiliwc*e ~lovs i i o t  iippriwably in!li1tw(*o t I I P  ('1 iiponttiori 

Drop , Pcrccbiit Drop tcr~tper:itiir~~ 
i vaporizd ,Drop tcwprrutnrr conxtarit :it 

conatant :it iiiiti:il v:tLiie. 
hst C:ld.-H ta tr Zero tlic~riiial 

viiliir (ref. 6.5, conductivity o f  
t i p .  11 and 421 drop iiitttrior 

(ref. 6.5. fin.. -17 
: l l ld  481 

I 
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DETERMINATION OF STEADY-STATE DROP SURFACE TEMPERATURE 

Drop evtiportition rates are trcatrd i n  tcrnis of cithrr lieat- 
transfer or muss-transfer relations. The use of either type 
of equation generally requires an  accurate knowledge of the 
drop surface temperature. For steady-state evaporation, 
this temperature is the wet-bulb temperature. Psychro- 
metric data for some vapors, in additioii to water, are 
available in wfiwnce 77. 

Steady-statc drop surface teinperntuw data for drops 
evaporating in high-temperature airstrcnnis are rorrclnted 
i n  referentw 89. Tlic equation may be wit te i i  us follows: 

Ta.w= T,-0.80 T*,+TS (63) 

wlierc~ i"a,w is tJie air temperature a t  wliirh xa te r  has tlir 
same diffcrencc between the air temperature and the drop 
surface temperature as t8he given liquid ("C),  T, is the 
temperature of the air into which the liquid is evaporating 
("C), and T,, is the normal boiling point of the evaporating 
liquid ("C). The term 7'a,w is computed from equation 
(63) ,  and tlic net-bulb temperature for water corresponding 
to is clctermiried from a psyciironietric chart; Ta,w 
minus this \\c.t-liulb tempertLturr is equal to T,  minus the 
drop surfure tenipcraturc of the evaporating liquid. 'rlw 
data for this correlation were obtained with iiine pure liquids 
for utniosplieric ambient pressure antl for a i r  temperattires 
from SO" to 6iS0 F. 

The drop surfare teniprrature may also hr tleterniinctl 
from a simultaiieous solution of thr appropriate lieat- i t i d  

niass-trnasf(Sr equations. 'l'tiis apprnticli t ius  Iwrii rm- 
ploytd, for rxnmplc, in r r ~ f c l r r i w s  65 ant1 104 for drop 
evaporut ioit ririclcr for.c~c~tl-t.oiivet~t ion roiidi t ious. I I I  thcsr 
treatmctits, Sussc'lt iiirrnbrr coi.relatioris for t i w t  ntitl niuss 
transfer arc u s r d  to cspr~.ss t tw itifliiriirr of the for(-et1 
c~invc~~tioti  on tlic drop cvuporatiori rete. C'onibinirip 
c.qrttLtioiis (48) anti (49) .  t l i c  stctdy-stiit(* t l i ~ q )  sur fu tv  
tcnqx>r:itur'cs T S  is pivvti by the follou.iiic r ~ ~ ~ i i : i t i t i i i .  d i i d i  

1ni1y tw solvt.(l tl .itLI-aiitl-t,i .r.ol. n i ~ t  I m l i :  

determined drop temperatures. For evaporation in very 
high temperature surroundings, drop evaporation rates mag 
be predicted by using t h r  heat-transfer equation and as- 
suming the drop surface temperature to be a t  tlie liquid 
boiling point for the given ambient pressure. 

Drop evaporation rates in quiescent surroundings may 
be obtained by use of equations (39) and (40). Equation 
(:%9) may be used in the simplified form of equation (41) 
for evaporation i n  moderate-temperature surrou~~dings.  
Also. equation (40) may be used in the simplified form of 
equation (42) when tlie vapor pressure at  the drop surface 
is small compared with ambient pressure. 

For evaporation under forced-convection conditions and 
low-tcmperature surroundings, rquatioiis (48) antl (49) are 
usctl i n  conjnrictioti witti the Xussclt tiunibrr correlations. 

EVAPORATION OF SPRAYS 

THEORY 

Extension of single-drop da ta  to sprays is difficult, since 
botli drop-size distribution of the spray a d  rrlative veloc- 
ities between tlie air and drops must be lino~\-Ii. In addi- 
tion, there are such complicating factors as drop distortion, 
unsteacl>--sts te  evaporation, nnd interaction he tween drops. 

Severul theoretical analyses of spray evaporation linve 
I)ren made using single-drop evnporntion r e h t  ions in 
con jwict ion wit ti assumed clrop-size (list ribut ions. One 
such anul!-sis is that described by Probert (ref. 21). In this 
treatment, all drops are assumed to haw zero rrlative 
\-docit>- with respect to ttic air. Ttir s p r a ~ -  is assunid  to 
follow [ t i c  Rosin-Rammler distribution equation (ref. 2 3 ) .  
'l'lie prrdictrcl rvaporation as obtaincd from the Prohert 
a~in l~-s iu  1s presented in f igure  28. Here the percent of 
ttic s p r u ~ -  evnpornted is plottcd against the pnrnnieter 
x t .\-' ( 'ttrvc+ awe prcwiitrcl for srvcwl vtilucs of the 

(list r ih i  t ion c.otistnnt 9 of t t i t ,  Kosin-Runlnilcr clistributioti 
111 l l ( ~ t 1 0 1 1  
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.Inother theoretical treatmetit of spray vaporizatioii is 
pt.(wwtrd 1,- 'l'riliits, K l~ i i i ,  i i t i i l  Rcmbmvski ill rc.ferctice 
 IO^, %(TO rt>lativc velocity between tlie air antl droplets 
is nssunied. Thc spray evaporation rate i n  this arialpis is 
espressed in terms of the wet-bulb depression of the injected 
liquid. I t  is shown that,  given ari initial drop-size spectrum, 
successive spectra may be deduced by calculatin~ the 
rnriution in drop size of the largest drop antl relating all 
otlirr drop sizes to this mnsimum. 

EXPERIMENT 

Brc~~rise of tlic luck of rsperimrntal data on both tlrop- 
size distribution and relative velocity between drops and 
air, it is generally impractical to  appl>- cvnporatioti-rate 
rcliit ions for sitiglc drops to  spray twxporation. Sonic 
attriiipts to measure tlirectlj- the spray vaporization rate 
in  airstreams have been made. dii investigation of this 
type is described by Fleddermau and Hanson (ref. 106). 
The influence of turbulence and air velocity on the spray 
vaporization rate is studied. A t tieoretical analysis of 
spray vaporization is also inclucletl in this study. Friitw- 
ling's equation for single-drop evaporation (ref. 81) i3 
comhiried with the drop-size distribution equation of 
Sulciyama and 'l'utiusaw~ (rrf. 2 2 ) .  The rtwiltitig rsprcs- 
siori. however, is very comples. 

Tlie c.spcrimcnto1 nicusurenirnts wcre obtained hy sam- 
pling Iiesatir spru>-s at vorioiis distances downstream of a 
hollow-cone spray nozzle. The perrrnt age of evaporated 
spi.a>- ivas determined over a limited range of air velocities. 
I l i t .  rrsitlts intlicate a strong dcperitlriice of cvtiporntion rate 

oil t t i c  relative vrlocity t)rtween tlie clrops atid the airstrenni. 
Iiicwn'sctl tiitbitleiice intensity was also found to increase thc 
s.pri1.v vaporization rate. The test, results, however, do not 
pro\-itlc conclusive information on the effect of scale of 
t itrhuli~ticr on the cvapornt ion rate. 

I t i v  rcwilts of a frw mcnsiiremc.tits of t l ic  evaporatioti rate 
of 1;crosc11c sprays in csseiitially still air are rcportctl hy 
5tic.k.i (rrf .  107). In this proRrnm! kerosme was injected 
from a s\virl-chamher fitel nozzle at prcssrlrcs of 50 and 80 
p o i i i i ( 1 . ;  p t ~  q i i a r r  inrli. O w r  this ratigc of twnditioiis, 0.2  
t o  0.1; p w w i i t  of the spray was foiirlcl to cwiporutc~ pvr  
i w o n d .  mtiparctl with a value of npprosinintcly 50 pcwwit 
pw seroiid its calculated by using the Imigmnir v q i i i i t  ion 
t wf. 66) atid tlir rrlation of Prohert (ref. 21). This lttrge 
t l i t f i ~ r r r i c ~ ~  bct\wrri predictctl i i i ic l  cspc.tinic~ritn1 valttcs \vtis 
a t  t r i h t r d  priinarily to tlic inability of tlie Imigmuir ('qua- 
tiori to predict evaporation rntcs for single drops in a rloucl 
of drops. 

T h e  tvaporation of fuel sprays in high-velocity airstrchams 
i. til50 tliscussrtl i n  ri.fc~i.(~rirr 108. In this invrstigation, tlic 
f i w l  was injwtcd contrnstrwrn from a siniplc orifiw, and tlic 
r.\.:ipnra(ion rntw wcri~ t lotcwti incvl  by stimpling t l it ,  sprn 

prvssure, file1 temporattire, antl axial tlisturicc from the f u d  
~ i r i f i t * c ~  on tlir pcwcntiigca of spri~y vvuporntioii w ( v  irivcsti- 
~ i i t ~ ~ ( l .  111 most of tliestb mcasurt"wts, a Iiytlrocarbon fue l  
with a narrow boiling range of 317' to 346' F was used. 

Ingrho (r6.f. 18) coiitlttctc~cl an oxperimriital and analytical 
irivcnstigntiori of the evuporatioti of isooctaiic sprays h air- 
stwams at  approrimate1,v room temperntiirv iirid prcssiir(~ 

r .  

e .  

and velocit,ies of 140 arid 180 fwt  per src-oricl. 'l'lir f u d  \VIIS 

iiijrctc(1 ro i i t  ras trc~urt~  f i w i i  11 siniple o r i f iw .  Evnpimitiori 
rates ant1 rchtivc tlrop-air vc,loc.it irs were tleterruinctl from 
high-speed pliotograplis of tlir spray at various stations 
downstream of the fuel injector. The evaporation rates 
based on ti n i m i  drop clionictc1r ~ f f d r . : 2 0  (diamt~tt~r of tlrop Iiavitg 
an area equal to the totul spray aren tlivitletl by t l i r  total 
number of drops in  t h e  spraj.) correlated well with siriglc-drop 
evaporation nitm (rcf. 89) .  .lltliough t l i t l  (Into of rc>fiwticr 
18 were ohtuinrd for a liniitcd t~tiigc of c w i t l i t i o i i s  i i t r t l  for 
but one furl. t l i r  rcsults offer hopr that II g(vi(~ru1 rc,lntioti for 
tlir evaporation rute of sprays in liigli-velocity airstreams 
may be obtained. Suc~li a relation n.ould require grneralizrtl 
espressiotts for piwli(*tittg l i o t t i  t l i c  t l r t i =  coc4ht~itmts of 
evaporating drops u t  i d  t lie sprily drop-size clist r ibu t ion. 

A stud>- of the effect of the airflow untl fucl-injcctioti 
parameters 011 the evaporation of gasoline-type fuel spra>-s is 
reported in reference 109. This program was conducted by in- 
jecting isooctane coiitrastrcam from a simple orifice in to  nir 
flowing through a duct 8 inches i n  tliameter. Both ttic total- 
fuel ant1 IiquitI-fuel tlistributions across tIic test clwt were- 
determirtecl t1.v sampling measurements. Tlir mcasurrmen t s  
iverc matlc OVIT raitigi~s of air tcnipcrutiirr, air vclocit>-. trir 
pressure, fucll-i I i j  e t - t  io ti prcssure, f uel-orifice. size, a tit1 asi ti 1 
distance from the fuel orifitac. ' I 'htw ratiprs antl the rtxsultirig 
corrrlatioti of t l ir  mcwurcnitwts iirv illiistriittvl i i i  figure 29. 
'I'lir measurenietits tvcrc corrrltitrtl 1))- tlie follw-itig csprc's- 
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Tlie rc4ative etftbcts of the variables on the spray evapora- 
tion rntt. are iiitlicated by t l i v  rsponeiits 't'lie Inrgc i n f l w n w  
of air temperature is evitltwt. In comparison, the effects of 
the other variables are minor. The evaporation rate n as 
essentially unaffected by changes in the diameter of the fuel 
orifice. 

The driving forre for evaporation is the temperature dif- 
ference A T  between the airstream temperature and the 
corresponding \vet-biilb temperature of t lie drops. Esamiria- 
tioii of the data of referc.ncr. 109 indicates that the term 
L ~ , ' ( ~ - L ~ )  of equation (65) is roughly proportional to A T  to a 
power somewhat less than unity. Over the range of air- 
stream temperatures investigated, there w-as roughlv a ten- 
fold iricmwse i n  AT for a 40-percrnt increase in T,. However, 
tlie change in A T  u i th  T,  decreases rapidly at  the higlirr air- 
stream temperatures. Accordingly, the exponent of 7'. in 
equation (65)  would be expected to be appreciably lower for 
airstream temperatures much greater than those investigated 
in reference 109. 

Foster and Ingebo (ref. 110) have recently investigated the 
evaporation of JP-5 fuel sprays in high-velocity airstreams. 
The fuel was injected contrastream from a multiple-orifice 
nozzle. The percent fuel evaporated ~ i l s  determined a t  
various stations downstream of the fuel injector by means of 
the spillover sampling-tube technique. Figure 30 presents a 
vorrelntion of tlie data in terms of the parameter zo 33ATo 28 

[ ( r ; +  C;ji(100$ C T t ) l 2 ,  where C; is the fuel velocity ut the 
nozzle orifice i n  feet per second. An approsimate correlation 
of the isooctane-spray wnporation data of reference 109 is 
also presenttd in figurt, 30 The tliffertvic~r i n  s l o p ~ s  of thr 
correlating lines for the two fuels may be associated witti 
effects of nozzle design and fuel properties such as surface 
trnsion, viscosity, and latent tieat of vaporization, whidi 
w r e  not roridert-cl in the correlation of figure 30. 

SIGNIFICANCE OF ATOMIZATION AND EVAPORATION RE- 
SEARCH IN APPLICATION TO JET-ENGINE DESIGN 

The two geiirral types of fuel-atomizing systems corisitl(vw1 
for gas: turbine or rurnjct applic-utioii are t l w  nir iitoniiztir 
and tlir cwitrifugal prc.ssiirt,-aton~iziiig ~iozzlv. Of t Iic ttvo 
systrms, the air atomizrr is capable of pro(luciiig mudi 
smaller average drop sizes. The air atomizer has also b w r i  

consitlered for the atomization of highly vis(-oils fuels. 
X correlation (eq. (14 ) )  i s  available for a Vtwtiiri-typch air 

atomizer. Howwrr,  no data are available for atoinization 
iintler the  Ii i~l i - turhult~rirt~- le~-~l  con(litions found in ramjet 
installations. If used as a rough first estirnute of drop size for 
a ramjet installation, equation (14) would probablp give a 
somrnhtlt IargPr avrragr drop size than t l i e  actual values. 
Equation (14) was obtainrtl for air a t  upprosirnntoly room 
prrssiirt~ arid tc*mpwuturr.. Roiigli rst irnatrs o f  drop sizo for 
ot Iirr gus roriclitioris may tw c h t u i r i r i l  from t t i v  ( tu tu  of 
rthference 37, which indicate that averagc drop sizt. incwases 
wi t t i  a tlcw-cbast. i n  gas tlrnsity, viscosity, t tntl  trmperaturc.. 

The expcrimrnts on sonic-velocity air atomizrrs intlicatc 
that the average drop size is a function primarily of the ratio 
of liquid-to-air mass-flow rates wI/w., the average drop size 

I '  1 b , ' 1  --- loo[ , 1 , 

0 
L I 

FIGVRE 3O.-Relatio1i between percriitage of JP-5 fuel and isooctaiii. 
evaporated and dist:ttrce downstrwrir of injector, heat-trarrsfw 
driving potential, air velocity. aiid fuel-injection velocity (rrf. 1 1 O l .  

decreasing w itli decrease in wI,'w,. Sauter mean diamctrrs 
below 100 microns were obtained, even for RII initial liquitl 
viscosity of 40 centistokps (see ref. 40 and fig. l ? ( ( b ) ) .  ' l 'I~r> 
data of referenrcs :19 and 40  indicv~te that the urrmgc drop 
size is approsimutrly proportional to tiit> s q ~ a r e  root of t l i t b  

orifice diameter for atomizers of sinlilar geomrtry. 
The major portion of drop-size data for c:entrifugcil 

pressure-utomiziiig nozzlrs 118s t)wn obtained for fisetl- 
configuration nozzles by us(' of smie  version of the molt m- 
was method. Correlations Iiuvt. bc.tm o h  nincd (cqs. ('29) t o  
(34)) that permit rough estimetes of atoniizat,iori for fistvl- 
configuration u-hid-clianiber nozzles spraying in to quitwc~ii t 
room air. Howcwr, t h c s r  cwrrrlatioiis ~wre for rnoltcw \\-ax 
simulating keroseiic uiicl having u kiric~matic viscosity of 
approsimatoly '2.0 crtitistokcs. Data of refercncrs '29. 44, 
arid 45 indicate ttiitt average drop size gt.ntwllF iiwrtwst~s 
rather slowly witti iiic~rc~asr i n  visrosit\-. .Iwrngc> drop sizti 
is approsimutt4\- piulmrtioiiiil t o  viscosity to the. 0 . 2 5  p o w w  
or Icss. Iii rc.ft.rc,iic*cb 'Lli I I I C ~ I I  clrop sins \vus propor[ioii~tl to 
surfaw tc.nsion to powvrs from upprosiiiiatrly O.(i to unity. 
111 rcxfcrcncc 3 2 ,  a cwrrt4at ion of tlrop-six(. (lata intlic.titcb(l t I i t t t  

surface trnsioii liatl a significaiit t.fffcrt 011 atomization. Ho\v- 
ever ,  data of reference 51 for liquids vowring a witlr rniigr o f  
surface tension indicate that t l i c  (,tfcc.t of s r i r fuw twsioii on 
average drop size is miiior. Sinre the rttrigt~ of siirfarcl trw- 
sioii covered by Iiytlroc*rirlmi fwls is q u i t ( *  iitlrrow, i t  woul(l 
appear that the effects of surfuw tcwsion on t,lie utomizat ion 
of such fuels can be nc*glcctid 

Data  of r r f t w n w  4ti show that t l i c w  is an optimiini ( w i ( $  

angl(1 that givrs t tw  smallc.st trvvrugr tlrop size for 11 givckti 
iiozzlr* size.. opiarutiiig prwsurv, I L I I ( I  fuv l .  'l'liis optiinrini i - o t t t -  

angle is generally bettween 80' arid 90". At low nozzle optwit- 
ing prrssurcs, tile (*oii(. ariglc tbscirts a prtdotnincirit iiiflutvic~r 
on avr'ragr drop size. In this oporatirig rangis, tlicw is largo 
increase in average drop size as the cone angle is decreased 
from its optimum value. 
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CHAPTER I1 

FLOW AND MIXING PROCESSES IN COMBUSTION CHAMBERS 

BY JYILFRED E. S C r L L  and ~ ~ I L L I A W  R. ~ \ [ I C K E I . S E N  

INTRODUCTION 

The principal purpose of t,he combustion chambrr iu a 
jet eiigiiic is the eficieiit conversion of chemical energy coti- 
tained in a fuel int.0 the heat and kinetic energ?- of the  
cslioust guscs. The tmergy coriversioti must occur efficietit'ly 
iiot only iii t u "  of the completetress of t h e  combustioil 
reaction, but also in an  aerodynamic sense. Aerodynamic. 
efficiency implies an efficient introduction and distribution 
of air in a combustion chamber for the purposes of burning 
a fuel-air mixture, and a dilution of the combustion products 
to the desired temperature level and proper temperature 
profile. In marl>- instances, combustion efficiency may be 
sacrificed for aerodynamic efficiency, snd vice reisa. 

Accordiiig to various authors, t tie combustion proh1t.m 
ma>- be qriitc largely atiroclytiamic. in cliaracter. This was 
recogriizrtl in some of the earliest research on turbojet engines 
for nircwft propulsion (rrf. 1 ) ,  in wliidi i t  was f o r i d  that 
diffcrenws i i i  combustor pcrforinunre in crigilie tests antl 
siiigle-combustor t,ests ( ,odd be traced directly to differences 
in the maniier in which air flowed into the combustion 
chtinher. 

?'tie importerice of aerodynamics i n  t h e  prohlrm of coni- 
bustioil is furtlier cmptiasized in the burning of a finely 
dispersed spray of liquid fuel or a portion of combustible gas 
wvrll miscd with stoichiometric proportions of air. Sucli 
misturt,s will iiot ignite arid form H stable flanie front a t  
ve1ocitic.s prrnter than the velocity of laminar flame propa- 
gation (tipprosimntt~ly 1 to 2 f t  'stv. for most Ii>-tli.oc*urtmii 

fuels), unless t l i t l  aerodynamic flow pattrrn is such that 
loculizetl vortircs, zones of flow reversal, or a slowly moving 
t~ouricltiry la>w c,sists in t Jiv t~oml)nstioti zoiiti. To stubilizc 
tlw flamc at tlie high velocitirs (w*oiiiitered iii jet c.iigirics. i t  
is tlicrcfore necessary to create low-velocit>- rcagioiis i n  which 
the flame caii originate or else establish a11 aerodynaniic flon- 
pattern such that, localized vortices or zones of flow reversal 
arc created. Such vort,ict% or zones of reverse flow allow 
the comhustihle niist,ure to attain local velocities necessary 
for high mass flow without exceeding translational velocitirs 
that  could cause instability of tlie Hame front. 

The object of this discussion is the ronsideratiori of aero- 
tlyriamic relations applicable to the design of conibustioii 
rtlamt)c~rs of jet  cngines. Experimental atitl theorctical 
tlu t ti r c h t  iiig (.omhiistor approach-st remi paramr*t rrs. wm-  
I)ustor pressure lossc*s, gas jt.ts of muriy tyiws, a~itl orifiw 
cocfficicwts are iricludetl. Acrodynamic niisirig is tliscussrd 
in  tcIrms of friritlanic~rital turhulrrit cliffiisioti tlicwrivs rehtiiig 
heat, muss, antl momcwtum trtlrisfcr from tlifft~reiit sourc'cs 
in various types of flow fields. The effect of periodic flow 
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fluctuations on diffusioii is discussed. Frit4-air niising is 
presented in terms of spreading of liquid and vapor fuel 
from several different sources. 

SYMBOLS 

The following symbols are used in this chapter: 
cross-sectional area 
ratio of one of two parallel-jet areas ro totnl 

mixed-jet area 
distance between vortices in single row 
dimensionless quantities 
function of flow rates, velocities, areas, atid 

depth of rectangular duct 
function of flow rates, areas, utid totnl tem- 

drag coefficient 
tlimensiorilcss friction cot+icient ( Fanriiiig) 
orifice discharge coefficient 
temperature coefficient in jet 
coiicen tratiori 
mixing-length parameter 
specific heat at constant pressure 
molecular diffusion coefficient (mass) 
turbulent diffusion coefficieiit 
codFwicbnt of turbulent diffusion of lira t 
coeffic-ieiit of tu16ulcrit cliffustoii of mnss 
c.ot>fticietit of turt)iil(w t tliffrtsiori of iiionien- 

angles between two mixing jets 

peratures of two mixing jets 

tum 

tliamc tcr 
furictioris of e 
spectrum density furictioii of periodic flow 

spectrum density function of turbulent kinetic 

function of y/yo 
function of r / r ,  
fuel-air ratio 
frequency of turbulent fluctuations 
frequency of vortex shecldiiig 
wriglit-flow rat(> per unit arca 
atvderatiori tluc to gravit>-, 32 I i  ftjsecl 
cvlttialpy pcr unit voliinic. 
combustioil intensity 
motlifird Btwc4 fuiicticits of first a i d  secorid 

kind, wro ordrr 
penetration of jet 

drag 

fluctuation of finite baric1 width 

encrgy 
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time zero 
in space siirrouiidirig jet 
vompressor inlet 
combustor inlet 
longitudinal position in combustor upstream of wliicli 

all friction losses occur and tlowiist rvani of whicli 
only combustion losses owiir 

Sithcripts : 
.\ kiin\vii c.c~ii i l) i ixtoi.- i i i lt 't  widttiotis 
(I nir 
n d  ailitihtic 
H new combustor-inlet conditions 
C compressor 
corr corrected 
cy cyclc 
cy1 cylinder 
n first 
d r  droplet 
dt duct 
E second 
Y Pxtrrnal 
r furl 
.fr friction 
H heat 
i rectangular coordinates 

1.a Lagrangian characteristic 
1 liquid 
J I  mass 
mar xnasimum, on axis of jet 
mol molecular motion 
mom momentum 

3' jet 

Turbojet combustion chambers.-The  tio ore importanl 
cwmhiistor approach-strciarn pararnetrtr for n t iirt)ojt*t 
t.ng.iiie art' inlrt-air v t h i t y ,  tempwatrlrv, anel pws- 

sure. A less important parameter is the combustor-inlet 
vcblori t>- profile. Eiicli of thew paramctvrs niuy vary over 
a witlc rangc, dvp(mIiiig upon the operatioiiul variablrs 
engine speed, flight 5Iach number, and flight altitude. 
The following table indicates the range of the combustor 
operating variables encountered during operation of a tur- 
bojet engine with a sea-level static compression ratio of 11 
at a flight 1lac.h number of 0.8 n t  various twgine speeds and 
altitudes: 

I I E:ngine 1 Inlet 1nlt.t  I Air- , Altitucte. f t  speed 1 pres*ure, temper- flow, 1 in. Hg abs 1 ature, O F  1 lbisec 1 I 

In addition, supersonic flight speeds tent1 to iiirrease the 
range of operating variables still further For example, 
a supersonic turbojet engine which has a sea-level static 
compression ratio of 7.0 would have a combustor-inlet 
total temperature of 964' F during rated-engine-speed 
operation at a flight Marti number of 2.8 in the stratosphere. 

Generalized paramelem: Sanders (ref. 2 )  developed per- 
formance parameters for jet engines from concepts of flow 
similarity, inertia, elastic arid viscous forces, and thermal 
expansions of the working fluid. Dinlensionless and cor- 
rected dimensioiial genwalizing parameters were employed 
to relate engine performance to the geometry of the engine 
l)outidarirs, the llacli number, the Reynolds number, and 
the total-ttvnpcrature ratio of tlir ciiginc For turbojet 
cngirlc~s, I t  was sllo\Vn that 

I' 6 --I-. 
(-21 16.2 

with T ,  i n  O R .  P r  i n  pounds per square foot absolute. nrid  
6, and 6, usually evaluated in t e r m  of the total teqiperatiire 
a i d  pressure a t  the compressor inlet. 

From equation ( I ) ,  it  is apparent that the corrwtrvl 
w4glit,-flow rate of uir utat ells,, the corrt~ctcd nbsolutt. total 
prcssiirc. P I  i b , ,  a i d  t tic: e"vc t rd at )sol ut c t ( i t  al t cbnipcra t I I re 
Y', 0, 111 ~iiiy positioii in t t i v  twpiiw iir- iil)stu~icdly - constaiit 
for u cv>nstant. corrected engine speed /,6<. These geticbr- 
:ilimtioiis nre valitl t i t ,  altitudes to  upproximatcly M , O o O  
f ~ ~ t * t .  .It iiiglicr altitiitlcs, the cifwt of Reynolds iiunibcr 
brromes apparent in t'hc performance of the compressor. 
As u rtwilt, t iw ror rec td  airflow ~ , & ; / 6 ~  and compressor 
adiabatic. c&iency ?)ad, c do not remain constunt for a ron- 
stant corrected cnginc spoed, h i t  begin to clirniriisli slightly 

r 
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with increasing altitudes (decreasing Reynolds numbers) 
( r c b f .  3 ) .  111 additioii, the decreasing Reyiioltls ruimbtrs 
~iia\- result in small changes in compressor total-pressure 
ratio PI.I /PI ,2  at extreme altitudes if the corrected engine 
speed remains constant. The direction arid magnitude of 
the change in compressor total-pressure ratio and the mag- 
nitude of the decrease in corrected airflow and compressor 
efficiency are functions of tlie particular engine under con- 
sideration (ref. 4) .  

S e w  combustor-inlet conditions can be cdculated as 
follows: Let subsrripts A and R indicate t h e  linow~r aiid nen- 
inlet coriditioris, respectively, while subscripts 2 and 3 denote 
t lie compressor inlet and the combustor inlet, respectively. 
'r i I  (> II 

(4) 

where 0 ,  and J I  are cvuluntetl at the stations iriclicated by 
t lie subscripts. The value of the compressor-inlet absolute 
total temperature T,.? used in the determination of e, in 
q u a t i o n  (3) can be obtained from tlic expression 

TI.?= T ,  (1 +'T1 M i )  

\\-Iiwc -If_ is the flight .\Inch number aiitl T ,  is anrbicrit 
absolute temperature. Determination of the compressor- 
irrlct absolute total pressure P,,? used in determination of 6 ,  
i l l  cqiiation (3)  requires a krio\rletlgc of the  diffuser total- 
I)i'('~s"ure-recover?-. factor. 1,osscs in  total pressure in tlie 
i~iigiric~-iiilet diffuser ~ 2 1 1 1  occur as t tit .  rrsult of friction. 
iii(lfflciwt diffiision, or possible sliork format ion. Typic-al 
tot~il-pr~ssnre-reco~~ery fartors that can be uscd for currwit 

1 1 '  T -  ~~ 7 - . r-- -7 1 -  
--~ 

1 8  

I .o 
- E w r l m e n l o l  .._._ 
- _ _  Extropolofed 

8 I 
: i  $ .9 I 
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where 

Data  that can be used for rapid determination of the inlet 
conditions in a ramjet engine are presented in  figure 33. 
This figure is based on the diffuser total-pressure recoveries 
of figure 31. Figure 33 can be adapted to diffuser total- 
pressure-recovery factors differing from those of figure 31 
as follows: 

( 1 )  As indicated by the arrows, determine P , , 3  and 7'f,3 
in quntlrant I1 for t h ~  required flight conditions. 

( 2 )  Correct P , , 3  by the ratio of the new diffuser recovery 
factor to the recovery factor of figrue 31. 

(3) Locate the new P , , 3  in quadrant I1 on the same 
isothermal line as the Pt .3  of step (1). 
Further use of figure 33 is shown on the figure. 

COMBUSTOR PRESSURE LnssLq 

In  any  type of combustion chamber, regions of low gas 
velocity must be present if stable combustion is to be main- 
tained. Liners and flameholders are used in turbojet and 
ramjet combustors, respectively, to  provide stabilizing re- 
gions of low- velocity. Advantages gained by use of such 

stabilizing mechanisms may 'be balanced by combustor 
pressure losses, which result in losses in over-nll cycle 
efficiency. 

Effect on over-all cycle performance.-The effect of com- 
bustor pressure loss on cycle efficiency is expressed in refer- 
ence 7 as 

1-27 

where AP, is the combustor total-pressure loss, T,, is the 
combustor-outlet total temperature, R I I ~  qcU is the over-all 
cycle efficiency. The denominator of the right side of 
equation (15) is always positive and proportional to  the heat 
added in the combustor. As shown by figure 34, total-pressure 
losses in turbojet engines are important, especially 
when operating at very low or very high over-all pressure 
ratios. For compressor total-pressure ratios less than 9, 
increases in compressor total-pressure ratios resulted in 
decreased effects of combustor total-pressure losses. With 
higher pressure ratios, combustor pressure losses caused 
greater thrust losses. These iricreases in  thrust loss nre 
caused by the greatly increased power required to operate 
the compressor a t  the high pressure ratios. Iricrcnsing pres- 

./ 01 I 1 1 1 1 
I I 
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sure losses with accompanyiiig tlecreases in cycle efficiency 
rcsult in incrc.nsc%s iii  fuel consunipt ion. Likewise, irirrcnsrs 
i n  u i i i t  sizc bccomc iicccssurj , qince Iiiglier rotative speeds 
and acconlpauyiIig liiglier t urbinc stresses are required to 
obtain the higher compression ratios needed to maintain 
maximum cycle efficiencies ivith increasing pressure losses 
(ref. 8). 

Causes.-Pressure losses in combustors occur as the result 
of several factors: (1) abrupt changes in flow cross-sectional 
aretis, ( a )  bluff botlies or flame-stabilizing devires in the  
combustioli zone causing partial blockage of the open cross- 
sectioiial area, (3) f r i c t i o d  forces exerted upon tlic gas 
stream by flame-stabilizing devices and the walls of the 
combustion chamber, (4) increases in momentum imparted 
to the gas stream as it flows tlirougti the conlbnstor, arid ( 5 )  
tlie high degree of turbulence necessarj- to Inrx gases in a 
restricted combustion volume. 

Changes in  $ow cross-sectional area due to expansion: Pres- 
sure losses in the combustor-inlet diffuser, which partially 
slows the high-velocity airstream from the compressor, may 
be attributed to tlie combustor. For the case of sudden en- 
largements, which is the condition approachetl by some very 
short combustor-irilet diffusers, tlie following diagram IS 

considered : 

I 
1 A4 

I_ u,,4 

I p4 
1 

3 4 

Sketch in) 

For iiicompressible How, application of Scwtoii's see-oritl lau- 
to the  control volume shown b v  the dashtvi 1irit.s yields the 
total-pressurr loss S P ,  due to sutltleii rrilargemrlits as 

0 20 40 60 80 100 120 140 160 180 
Diffuser included ongle, deq 

FIGURE 35.-Effect of diffuser included angle on diffuser total-pressure 
losses. 

where .IfJ is the X1ac.h number a t  the entrance to a sudden 
espansioli. 

How- 
ever, length limitations in  ramjet or turbojet erigirim 
generally necessitate short diffusers. As a result, diffuser 
included angles are usually large. Figure 35 (refs. 11 alitl 

12)  presents the  prvssure loss of diffusers as a function of the 
included angle. Figure 35 is applicable for diffuser-entrailre 
Mach numbers less than 0.3 (ref. 10). At  higher Mad1 
numbers. the total-pressure loss should be iiicrensrtl by the 
comprcssibilit?--cor~ectiori factor of equation (18). An 
optimum included angle of io to IOo is indicated for rnini- 
mum pressure loss. Reductions in total-pressure loss for 
large angles of diffusion may be accomplislic~l by i ~ ~ t r o d u c i ~ i g  
ti spiral Row. or rotation into the gas flow :is it enters tlir 
diffuser (ref. 11 ) .  \Vitli spirril flow or rotation i n  t h r  gas 
flowing iirto the  diffuser, rcductioiis i t i  totul-prrssurc Ions of 
as murh as 45 to 60 percent are rc.portcvl i i i  rcfrrericci 11.  
Similar results are expressed in refewice I:( in trwns of ttici 
incrrnse i r i  static.-pressure rise tliroiigJr il nl iort  cliffiisibr (tii-(iu. 

ratio, 2 1 hy us(: of rcctiwgular vortcs  piivri~tors. 

Obviously, a sudden eiilargement. is undesirable. 
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I 
I 
1 I 

A 3  I I A4 

u43 -r 4 4 , 4  

p3 I ' p4 

I I I I 

3 4 

>heitti  ( h i  

Assuming incompressibility, reference 15 indicates the total- 
pressure loss in this case to be 

where k ,  depends on the ratio of areas at. stations :3 wid 4 aiitl 
is defined by 

antl 

(20s) 

Total-pressure losses due to sudden contractions mu!- be 
greatly reduced b>- using a conical or well-rountled traiisitioti 
section between areas 3 antl 4. The value of k, for coiiieal 
or well-rounded transition sections is r ( d u c ~ 4  to upprosi- 
mutely 0.05. This value of k ,  is applicable for all valucs of 
&'.-I3, providrd the flow in tlir smallcr I L ~ ( Y L  is t iirbiilriit . 

Hotly shape and blocked area: Ramjet cornbustioil cliariilwrs 
and aft,erburriers utilize a flameholclirig mecliatiism consisting 
of gutt,ers or similar devices to provide a rec*irculator~- zoiie 
of low vrlocity for flame stuldizutioii. Isuall.~-, suc*h tl(~vic'rs 
in the combustion chamber provide. more t ur1~uleiic.t~ and 
twt tw mixing, with resultant inrrcases in coinbustioil dfi- 
ciriicy. However, such devices create an unavoitlaI)lc* 
prcssure loss wit ti an accompanying adverse rffcct OIJ ovc~-cill 
cycle efficiency. Tlic effect of flainrlioltlw urra l~loc~l<ugr oil 

t h c b  total-pressure-loss coefficicn t' AF',i'q,c, (ahcrc qrrl is t l it .  

rc.frrenc*e velocity pressure Imsed on tlic (Bornbustor inlet-air 
stugiiution density antl niasimum cross-scc*tioiiul arca of t h e  
eombustor) is shown iii figure 36 (wf. 1 6 )  for an iiilrt 1lac.h 
r iumhw of 0.162. Total-prrssurv losscs iiicrrtisc w i t l i  
iiicwciws i n  hlorkrtl nrrn.  

I.'/u;d j r i c f i o r i :  I'tic*tioiiul totd-prossiit.~* lossc~s i n  ( ~ m -  
biiscors are gciicrally smull c~noi1g:lr to I N ,  r i c g l t ~ t c t l  in twn-  
piwisoIi  with o t h r  fwtors wusitig p r i ~ s s i i ~ ~  11) 
v w r ,  in rirrnjt:t c.ryirws urd ufti,rt)iirntw i r i  w l i i t ' l i  liigli- 
velocity gasrs scrub rcletivcly long walls of 111~1 tbombusi ion 
rlirimbc~r, frkt  iorial total-pressrirt, 1nssc.s may not I N ,  iio$i- 

FIGVRE 36.--Effect of ares blockage on coiiihristor isothermal total- 
pressure losses. Combustor-inlet l l ach  iiiiiinber, 0.162: annular 
V-gutter Hanieholder (ref. 11;). 

( ' 7 1 )  
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Momentum: The momentum pressure loss in combustion 
chambers, which is inherent in any system in which heat is 
added to a moving gas str?am, ran be determined simply in 
terms of temperature ratios and Mach numbers by the fol- 
lowing analysis: 

0 
I I 

I 
I I 

I 

I 
I 

I 

- ' 4 3  7 I 4 , 4  

I 
I 
I 

I 

4 
I 

3 
Sketch (c) 

[t is assumed that the gases are evenly mixed with respect to 
:emperatwe and pressure at the entrance and exit of tht> 
:ombustor, that the gases are perfect and nonviseous, and 
that one-dimensional flow applies. Application of S e w  ton's 
wcond law and the continuity q u a t i o n  lt~atls to 

For this Reynolds nuniber, CJ,=0.0032, while 

1 0.5 
/bYldl=- d - - =0.125 ft  

4 d l -  4 
and 

For an  inlet l lacll  nuniber of 0.25, 

pL3=2.40 (fig. 38) 
P: 

and 

- - - 8.48 - 0.064 = 8.41 6 

&I4= 0.251 

70 

\I I 

1 1  
7 

FIGCRE 38.--L)ats for estimation of frictional total-pressure losses in 
cylindrical ducts (where P ;  is total pressure wlth choked flow and 
1* is lenKth of duet between station where Mach nuinher iy takcri 
and station where choking would occur, ref. 19). 

I and 

For critical or choked flow through an operhg ,  the I lach 
number a t  the opening equals 1.0. For the condition of 
choking a t  the combustor exit, sincc. -If, equals 1.0, 

1 4  

(24) 

According to equation (28), the addition of heat or the in- 
crasc  of total tmiperature of an?; fluid in frirtionlcss flow in  
a duct will result i n  an increase i n  .If4 if  .\I3 is subsoilic, and a 
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the strramlines of the How brontleii out beliiiitl ttir ot)stiiclc~. 
As the Reynolds number is increased, tlie strwmliiies witlrii 
more and more, forming a closed region hdiirrtl t lie objrct, 
n ithin which tticre is an i n f l ~ n ~  along the axis of t h e  w a k ~  
and a flow i n  ttie general direction of motion i n  the  outer 
portions. Thcse motions form a pair of vortices antl exist at 
low Reynolds numbers but become more promintint as the  
Reynolds number increases. With further incwases in 
Reynolds number, the  vort i c m  l)wom(> more cloiigntcd and 
asymmt.tric*ol, brtbtik off, i i i i t l  m o v ~  tlownstrtvini. This 
,vort(ls stwtltling orcurs at sonic. c-ritical Rc~-nolds iiiinil)t~r 
\vliieli depc~nds upon flamc~holtlcr shape. turbulcaricc of t h e  
gas strvam, aiid ail>- \vall t.fftvts from t ti(> comtmtioit c.Iiuiri- 

' 

tion arid shedding of vortices tly ttitl use of balsa dust i i i -  

jectvtl iipstrcam of various flamc~tioltlers. 
'I'lit. asymmt.tric arrangement of vortes pairs behind the 

bluff object alters the pressure distribution around the 
body, and vortices are discharged alternately from the two 
sides. In this way, a definite frequency of eddy motion, 
which depends upon tlie Reynolds number, is begun. Down- 
stream of the bluff object, the vortices arrange tlicmselves 
i t \  a double row in wliicli each vortex is midway bctncen the 
1-orticrs i n  an opposite row; this aiwngemciit is known as 
tlie KBrmhn vorttlx street. According to reference 21 
(vol. 11, pp. 556-562),  regular vortcs slietl thg occurs un- 
til Reynolds numbers approach 4 to 5x105. Above these 
valws, flow is t urbulciit . 

&7ow brh i n d  bb7i-f borlirs with hrat ai/d;tio/i : Diirinp coni- 
hustion stabilized behind a flameholcler in  u flowing homo- 
geneous fuel-air mixture, unburned misture diffuses into 
the eddv region behind the flameholder and is burned, with 
accompanying diffusion of the combustion products and 
lieat into tlie main stream to  ignite tlie mixture flowing 
past. With a liquid fuel spray, heat from the burning 
niisture in the eddy region is transferred to the liquid fuel 
ucriimulatcd on t h e  flameholtler directly by radiation and 
ronvcction, and indirectly by contluction through the 
flameholder itself. The amount of heat transferred controls 
ttir evaporation rate of t h e  fucl. It is believed that t lw fuel 
vuporizetl hy this heat mises with air diffusing from the 
niuin stream a i d  niaintains the pilot flame in the rddy 
rcpioit. Oiie of the tliffcrmccs noted in  flow l~ehintl bluff 
twtlirs wit11 and without h a t  addition is that 110 etltlies 
art. slietl during combustion (ref. 222). One csplaiiation of 
this fact is that the static pressure downstream of tlrr bluff 
t ) o t l ~ -  is lower with comhristioii orcurriiig. -1s a result of 
11w I w l r i c w l  prossure, the. cclcly region lwcmnfls siriallcr arid 
awnis to tittuc41 itself to t l w  Idriff tm1.v. 

f3/t/y j o r r n t r t i o / i :  Smdl  ~ ~ ( ~ ~ S I I I Y ~  It)ss(~s ititlriccvl i ) ~ .  etltlit.~ 
cln\~.riatriwti of Iliinic4iolcIt~rs niny 1~ vstimutccl if (lata show- 
ing t l i c  strength, frrquericvy of slicvlclinp. niitl longitudinal 
spnc,iiq l w t w w n  vnrticcs i r i  n r o ~ r  :iw knn\$-ii. Goltlstt~in 
iwf. 21, vol. 111 stritl.5 t l i i i t  t l i c b  i iwrtigi '  (Ir:iy p c ~  unit l e n g t h  
9 i l t '  :L (a>.liiitiri(.:il otwtiic*lc. I)t~rpi~ii~lic~iiliir to it flon.irig fluid 
( ' > I I I  t l ( 1  csspriw(v1 h>- 

(26) 

wlwrtb is t l i c  velocitJ- of t l i r  vortes system relative to 
t l i t 1  f r w  atrcain. Alccording to rc4 iwnw 2 3 ,  t l i c  strength 
of vortices of stable rows can tw csprcssctl as 

@ i n )  



42 REPORT 130- NATIONAL .iDVISORY COMMITTEE FOR AERONAUTIC6 

This equation does not include wall effects of tlie combustor. 
A similar equation that includes wall effects is derived in  
reference 21 (vol. 11). Reference 20 presents data for the 
shctlding frequetic?- nntl  strerigth of vortices from 11 tlif- 
fcwtit flnmcholclers. inclutling a cylinder and a flat plate. 
From data such as  t l i t w ,  necessary values for equation (25) 
can be determined, since a can be determined from equation 
(27a).  and 

or 

(29i 

(30) 

(The negative sign must be used in eq. (30), since a vortex 
of zero strength would not esist and rrs, would equal zero.) 
The magnitude of the eddy drag is quite small. as shown 
by the fact that a U-shaped flameholder 3: inch wide would 
cause a drag of approximately 0.12 pound per foot of length 
of flameholder i n  aii nirstream flowing at 55 feet per srcontl 
a t  sea level. 

The isothermal total-pressure-loss coefficient for a flame- 
holder due to vortrxs formation can be espresstd c.sstwtiall?- as 

This total-pressure loss would be additive to the theoretical 
pressure loss obtained i n  reference 16. 

Estimation and correlation.-Data for estimation of the  
total-pressure losses i n  a combustor for knoa-ti isotli~rmal 
pressure loss are presented in refcrenc~e 24. This niethoil is 
hastvl on the assuniption that tlir ovrr-all cwriihiistor tottil- 
prvssure losses r a n  he expressed >is 

where the subscript 3n denotes a fictitious longitutliiisl sta- 
tion in the combustor, upstream of which all friction losses 
occur and downstream of which only comhustiori total- 
pressure losses occur; and APr,,, includes not only skin- 
friction losses, but also losses due to sudden esparisioiis and 
contractions ancl the presence of bluff bodies i n  tlir flow. 
General friction l a w  inclivate that this v n n  tw c~sprc~ssc.cl as 

., ( 1 +y_’=l *If+ 

u-here A is the cross-sectional area of an equivale~it coiistant- 
area combustor, and ancl A are kriowri or arc cletc.rrliilic~tl 

from experirnc~tal tests of the romhustor. With P t ~ t i t l  , I  
: L ~ ~ ~ , ~ %  1 1 .  l i l t s  I I \  ( ~ r - d l  , l , ~ ~ ~ l ~ ~ ~ ~ i ~ ~ ~ .  ~ c ~ ~ ~ ~ I - p r t ~ ~ , i t t  1 8  ~ ~ I - ~ I ~ ~  . i t i  ‘ 1 1 %  

mentally determilled values of AP,, o./Pr.3 and APt, , , /P, ,3  by 
drawing lines parallel to the abscissa and ordinate of the 

I 

chart through the appropriate values of Td, and 

313 until the intersertions of such lines in quailrants I 
aiicl IV determine values of 3’ and A .  This analysis does 
not iitclude the effect of the weight of the added fuel. 

Figure 40 should not be used for ramjets or afterburners 
that generally have combustion temperatures much higher 
tliaii the  temperatures in turbojet primary combustors. 
The y’s used in figure 40 are average values for the range of 
turbojet combustors. Friction total-pressure losses in ram- 
jets and afterburners may be found as indicated in the pre- 
ceding sections on sudden expansions and contractions and 
the presence of bluff bodies in the flow. Momentum total- 
pressure losses are calculated by use of equations ( 2 2 )  to 
(2.5). Values of the various factors in these equations can 
he determined from figure 41 for the appropriate 7’s corre- 
sponding to the temperatures and fuel-air ratios involved. 

A correlation has been developed (ref. 2 5 )  for various 
comhustors and experimental configurations in which 

Pr.3 Ti.3 

d i e r e  I is the comb us ti or^ intensity (Btu/(hr) (cu f t )  (atm)).  
Tlitx vuluc of I is preferably assessed on the size of the pri- 
mary rombustion zone only. This correlation was for use 
in comb~istioii-chamber design. Using a design AI’i/f‘i,3, an 
intcansity ~ o u l d  he found from which primary-zone size could 
be dctcrmiwd. \-slues of the ratio l / d  for cylindrical com- 
bustors w i w  taken as 1.25 to 2 . 0 .  Acrording to referericc 
2 5 .  tlir tlegree of combustiori irittwsity is determined by the 
&--mixirig patttmi, the degree of turbulence, and the com- 
bust i n t i  properties of the fuel-air misture, all of which 
rn1itriI)ittib to  pr’ssiirv 1ossc.s. I-se of this correlation i i i -  

\ - t~ lvos  i i i i  ;irliitrur>- asstiniptioil as to t l i r  size of the prininry 
ZOllt’. 

bett,er corrclatiott, u t d  one wliicli is generally used, is 

(45) 

(36) 
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-7 
Momentum and miring pressure IossT- 

8 
Gas-density rotio, p 3 / p 4  

F r n u ~ z  42.-TotaI-pressiire losses as function of reference velocity 
presstires of typical turhojet coiiihustor 

Pressur(, losses of a t.ypica1 turbojet c*onibiistor tire pt~rscritctl 
in figure 42. As indicated by equation (XI), total pressure 
losses increase linearly with increases in gas-density ratios. 
Friction pressure losses, the losses that would be found 
essentially by a n  isothermal test, are intlicntetl a t  a density 
ratio of 1.0. SIomentum and mising pressrlre losses a t  any 
tlcnsity ratio are the difference betwerli the total-pressure 
lossrs sn i t  tlir friction pressure loss. 

CAS JETS 

Il ixing of gas streams or jets is t i n  important problem in  
tlic design ant1 oprrrLtion of c*ombiistioti chniht>rs.  For 
example, air needed to create the t iirhuleilce required for 
rapid mixing and burning in the primary zone of a turbojet 
combustor usually enters in the form of air jets tlirougli small 
opeciiiigs in the combustor liner. Also, adtqunte penetration 
of the dilution or secondary air must occur i n  order to attain 
the degree of mixing and temperature miformity required by 
turbojet combustors, in which estiaust ttemprrature profiles 
suitablt~ for entry of the exhaust gascv into tlir turbine are 
ntwssary. Surti pctirtration is ususlly obtiiinetl by i n t m -  
clurtion of the second:iiy air tlirough vnrioiis openings 111 t t i t ,  

tlownstrram portion of the coinhiistor. Similar p ro lhms  
ulso exist in the design and operation of ramjet combustors 
i i i i t l  afterburnrrs. Adequate mixing of gnsrs of iliffrrcnt 
teniprrnturcs, wbidi exist clownst rrum of flrinicliol~l~~i~s. rnny 
result in highcr propulsivc effirirncirs (wf. 16). 

As shown i n  the following sketi*Ii, a j e t  voiisists twc~ritta11v 
of a uniform stream of fluid (matiatitig from an  orifirr: 

Jet orifice' 

Sketch ((1) 

Within a cvrtairi rrgiori ( t  tic. potiwtiril cwrv) outsidc. t tw nri- 
f i w ,  t t i c  jet vcdocity t i n t 1  t m i p i u t  i irv  n r i b  ~ ~ i i t i ~ i t n i ~ i i ~ l .  

Outside anti downstream of the potwtiril cow, a mixing 
region cxists. i n  wliidi the jet wpanils m i l  iiitcrwtion may 

owur bctwwn tlir jet fluid ntid any surrounding atmosphere. 
Jc.t parnnwtcrs of ifitrwst art' usunlly t l i i .  \-docity and thc 
tempcrature at any position within the jet, the width ant1 
penetration of t~he jet, and any interaction of the jet with 
adjacent jets. Gas jets and mixing problems can be classi- 
fied into two general categories: free jets and jets issuing 
into fluids that are not at  rest. Each of these categories 
can be further subdivided into laminar and turbulent flow. 

Theoretical background.-Free j r f v :  Unless specifically 
stnted otherwise, all jets tlisrussetl as free jets have a single 
fluid composition. 

Laminar flow: The study of a jet in laminar flow is usually 
only of academic interest. However, the results of such 
studics inn>- be of value in fundament nl-combust ion invest i- 
gntions. .hi a~iulysis of the sprrati of a frre, laminar, two- 
dimensional jet and a circular jet is given in reference 21 
(vol. I, pp. 145-148). For a laminar jet issuing from a 
small circular hole in a wall, the equation of motion can be 
written as 

(37) 

Tlir fnllo~ving tissumpt ions arc' made : 

neglected. 

across the jtbt. 

( I  ) b'L-Jbt' is small compared with 3'LTIiDr2 and caii he 

( 2 )  S o  p i~ssu re  gratlicwts or lntcrnl fluid lirnitiitioris mist 

(3) Flow is stcatly. 
(4) The momeiitum at aiiy section of the jet is assumed 

constant, s i i i c ~  tio pressurc gadic~iits mist and motion is 
st twly. 

", wlirre I is a stream func- 1 ao (.5) - I d  C',=-- - 
r dr  I' ar 

tioii sue+ that f vZ  und I ' ,  satisfy the continuity equntion. 
Ai soliitioii of ryuntioii (:$i) for values nf r V z  u i i t l  1-, is 

wliwe 

r l r l t l  

This soliltion is n p p l i c d h ~  for large values of mg/pv2. 

138a) 
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Tiirl)ulvnt-lIow velocity profiles: 111 prac-ticc, tlie mot ion 
i i i  j c t s  is usiiully twl>ulzut i i i  naturC. OIIP of tiit1 siltiplcst 
('tises of turbuleiit riiisiiig is the pIuti(~-paraIl~~l mixing of n 
jet with gases at rest, with the mising occurring along a 
single boundary between the gases. Reference 27 reports 
an early analysis of this type of mixing, with a free-turbuleuce 
or moment um-t ransfer t tieory based 011 the semiempirical 
genc~al  turbuleilce theory of Prandtl. The momentunl- 
t rarisfcr tticory indicvtted the temperature and velocity 
protilrs to be siniilnr iii a free je t .  Good esperinlentnl 
vcritiratioii of the tliroreticd vrloc4y profiles of refercltc*c 
27 has been obtained by various investigators. However, 
esperimeutal measurertietits of temperature profiles down- 
strram of free jets iiidicaatc. tliscrepalicic3s Iwtwcetl theory a i d  
cspt.rimeut aut1 110 similarity of velocity ailti temperature 
profiles. Thus, the momentum-transfer tlieory is suitable 
for solution of mecliaiiical flow problems of velocity profiles 
or fluid friction but is ineffective for solution of problems 
irtrolviiig temperature profiles or lieat transfer. 

Rcfcwmce 28 presents a theory iii wliicli the taiigelltial 
turbulent stresses in flow are a fuiictioii of the transverse 
traiisfcr of vorticitv. That is, tlie strtasscs are a functioii 
of t l i e  cwrrclatiori betn-ccri vorticity flric~tiiatioiis iiiitl trails- 
verse velocity components. Conservation of the vorticity 
of ti fluid r>lenlent until mixing o c ~ u r s  is ussun~ed. It is also 

pressure graclieilts, wtiich appreciably affect moment 11111 

iiitcrchange but not vorticity transport. The vorticity- 
trctrisfcr theory of referelice 28 gave velocity profiles almost 
as accurutrly as the inomerltum-transfer theor>- o t i t l ,  i i i  

atldition, gave better agreement of tlieoretiral arid c~speri- 
mental temperature profiles. The vorticity-transfer theory 
is extentled to plane-parallel free jets in references 29 and 30.  

For two-tlimensionul conipressiblt~ flon-, Al>rnniovi(*li (rvf. 
29) intlicntcs the equation of motion to lw 

I i o t t . d  that the Prallcltl theory does not ncc*ouut for locd 

in tlie definition of I,,,. Equation (41) was solved by 
usc of t l i e  same assumptions used in rcfcrcric~c~ 5: cotist utit 
momentum in the  2-tlirectioll at u11p section of tlir jet,; 
proportionality of I m r l  to .r in an r-clircctiolr ; u ~ i d  coristaric~ 
of I,,, across any section in a y-direction. That is, 

wlirrc [ - z , m a z  is t h e  velocity 011 tlie jet tlsis, and yG is the 
masirriurn jet sprcwi on one side of the j t x t .  Equtttioii (41) 
yields the same distributioll for velocity as the momentuni- 
transfer theory of reference " 7 :  

(1211) 

This solution is tq)rwsetl in figure 43 in tcrms of dimen- 
sionless ratios of f Y z  f V K  ,,,,,, for any cross section. Good 
agreeiiient of esprriiiitbntal at ic l  theoretical profilcs 1111s I > c ~ n  
found. 

- Axlsymmelric free let 

FIG (.RE 43.-Tlleoretical velocity distril)utiolls based on n,onwntum- 
transfer theory in plane-parallel aiid ax i sy i i~~ l~c tr~c  free jets (ref. 
30). 
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The theory of plane-parallel jet  mixing was extended by 
Howtirtti (ref. 30) to nsisymmetric free jets. For these 
jets, the equtttions of motion for each of two tlirorics are 
as follows: 
hi omen tun- transf er theory : 

JIoclified vort,icity-t,ransfer tlieory: 

These equations were solved by use of assuniptions similar 
to those used in equation (41). Although the two different 
theories yield approximately tlie same result, slightly 
better agreement with experiment was obtained with the 
momentum-transfer theory. The  solution of equation (43) 
involved use of the stream function \k, defined in assump- 
tion (5) of equation (37). The value of .Yx at any radius I' 

mas determined as 

(45n) k -  
r o  

l -r=4.65 2 Y (u) 

ro = 3.4 k$"x (45b) 

where r ,  is tlie masirnuin spiwtl of t l w  j r t  nt an>- cross 
section. This solution is expressed in figure 43 in terms of 
dimensionless ratios for any cross section. According to 
Howarth, these results are fairly accurate, at  least over the 
central portion of the jet, a t  distances tlownstrenm of thc 
nozzle greater than 8 jet-nozzle diameters. 

Turbulent-flow temperature profiles: Bbramovich (ref. 29) 
indicates the differential equation of heat balance for plane- 
parallel free jets emanating into fluids of different tcmprr- 
atures to be 

\vhwe all values are instantaneous. Equation (46) neglects 
molecdar heat conduction ant1 conversion of tlie energy of 
viscous forces into h a t  wit11 respect to turbulent heat trans- 
fer in the same manner as friction due to viscosity was 
disregarded in equation (40) relative to turbulent friction. 
By use of instantaneous and fluctuating values of variables 
and by assuming - 

-= p d T  o (steady flow) 
at 

and - bT 
T=l,,, - 

equation (46) becomes 

which, for incompressible flow, rrvl uces to 

where tlie bars indicatc: mean values. Reference 29 presents 
a corrrlntion of the solution of cquation (48) in terms of a 
dimensionless parame tcr 

where 
T temperature at any point in jet mixing region 
TI temperature of fluid nt rest in space surrounding jet 
T, temperature at any point in region of undisturbed flow 

This temperature coefficient bas been used by other authors. 
Howarth (ref. 30), however, presents B solution of equation 
(48) ns 

in jet, or in potential core 

C t e m p  cllcmp.,, = [F(a)l 

wIiere C,cmp,mat and L'z,,,,a (1  /z)12. 'rhis solution is pre- 
sented in figure 44. 

i l l 1 1  I 

Jet Oa to 
Plane -parallel 
Axisymmetric Experimental 
Ausymmetric Vorlrity-tmnsfer theory, opproumale- 

- - - -_  Axisymmelric Momentum -1rwlsfer theory 

The ore I col 

r/G or y/yo 

Frr V R E  44.-Theoretical and experiiiieritnl teii>perntrire distribiitions 
in plane-parnllrl nnd a\isyiniiietric Irw jp ts  ( ref .  80). 
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Similar boundary coiitlit ions apply for velocity nntl t einpt’r- 
attire distributions btisecl on tlie momr~iitum-trurlsfer tlicorj . 
-\lso. eqriatioil (49) differs frorn equation (48) old?- i i i  B 

cliarigc~ of viiritiblv. ?’ltert.foi~t~, t Iir solrit ion of cclui\t ioii (49)  
busty1 up011 t hc i i i o ~ t i t ~ i i t  iim-transfer tlirory yields 11 t r u n p c ~ -  
utur r  profilr similar to t l i t l t  of the vclority. ‘I’lic boluitlnry 
conditions used for temperature distribution with the 
rorticit!--tri~ilSfrr tlrcory tire uiiequnl to tliose used for 
vrlocity tlistrit)ution H o ~ u r t l i  ( r r f .  30) prcwrrts at wliitioii 
of equation (49) us 

(50) 

wlirre 

r 
t=-  

c 

I 8 12 16 20 24 
4 

Olstonce downstream of nozzle I 
0 

Jet-orifice diom ‘T 

(.j) Jlising I~~rigtlr I,,, prnportiolid to witltli of iiiixiiig 

(6) Latrral tlistrihtioii of vrlocbit>- i n  rcgioii rontainiiig 
rvgiori 

potentid core equal to 
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Distance downstream ,I 
Jet-orifice dlam d /  

FIGURE 46.-Boundaries of jet and potential core in circular coaxial 
j e t s  (ref. 31). 

.l’ormnl jets:  S o  theoretical data espressiiig the rlistri- 
bution of temperature or velocity in a fluid jet entering a 
fluid streom flowing normal to the jet wrre found. How- 
ever, u. theoroticd analysis for the peiretratioii of a cold jet 
into a hot fluid stre.ani is presented in reference 32. Velocity 
and temperature distributions for free jets and ii  iwpligible 
pressure grttdient at  the misirig section were assumctl. Re- 
sults of the analysis indicated that penetration j of iiormal 
jets could be expressed as 

>x j = F [ I ( ~ ~ o m e n t u m  of fluid stream 
,\Iomentum of jet 

Volume flow of fluid stream 
(Total volume flow of fluid stream and jet 

For penetration of circular normal jets into fluid streams 
in rectangii1:w ducts of width t ird,  and depth b, , ,  pe~ i~ t r a t iu i i  
at  :L clistariw z,,’b,, from the orifice renterlinr is supgc,.ittvI 11; 

where 

ill jet-orifice diameter 
TI temperature of fluid stream 
T, temperature of jet fluid 

Oblique j e t s :  Jets entering a moving stream ma?; enter a t  
any angle from Oo to 180°. As such, the complex mixing 
problem does not lend itself to a ready solution. However, 
Elirtrli (rcf. 3.7) has aiialyzctl tho problclm for obliqiich je ts  
by mt uns of a siinplificcl two-dimrnsional poteiitial-flow 
aiitllysis. Esseritictlly, Ehrich assumcd that a jet c.ntering ct 
moving strcam a t  an angle is separated from the main strcuni 
1)v ct streamline and has a constant velocity. Thus, no tlis- 
co~itiriuities exist across the streamline. Thc jet wake down- 
strram of the jet was assumed to be an area of d r d  fluid 
sc>paratctl froni tlic jr t  by a constant-prrssurc vortcs sheet. 

Thrse assumptions oversiinplify the protilcni of jct ptwc’- 
tixtioii into niovinp stretinis. Howvet. ,  tho aiinlysis t l o i h s  
I t u l  to a coirvtwirnt mrtliod of culciilatiiip ttic. r t h t i c m  lw- 
t .wrn  pcwiir t ric and wloci t y  ptirmir t t w .  111 :it111 i t i n n ,  
qualitative agreement was obtained for the theoretical soh-  
t ion of flow from a t wo-clirnensional orifict. and rspc~iincnt a1 
data for the approximately comparable case of a circular je t .  

M u l t i p l e  j e t s .  Two cxprtxssions for the penetration of mul- 
tiple jets into fluid strrams arc presented in rt.fcwncc 32. For 
tlir penetration of *V jets twteriny 11. fluid strram u t  riglit 
angles through S circular orificcs spacwt lutcmlly ncross (i 
rectangular duct of width i i , ,  and depth b,,,, penetration at  
a distance x i / b d ,  from the orifice ceiiterhnr is suggested as 

S o  experimental data using this parameter were included in 
reference 33. For t he  penetration of S jets entering a fluid 
stream a t  right angles through S circular orifices equally 
spaced rirrumferentictlly around n duct of dianit>ter d,,. ttie 
espression suggested for 11 distance z, d d ,  from ttie orifice 
centerline is 

S o  csperinicntal data using this parameter were included. 
Experimental data.-Despite an abu;dance of thcmetical 

nnalyses of jets issuing into gases a t  rest or in motion, many 
tlisugrccnirnts exist betwcwi t tieorctical and expclriniental 
rcwilts. I,ikr\visc~, application of fundament id jet-pc.iirtration 
i h t a  to jrt-tqinc. c>onit)riators I I R S  giwn rtwilts in disagriv>- 
m ’ i i  t witti thcory. Distigrccnitlnts may he attributed 
to  various factors sricli tis dirwtion, size. slinpt.. and orien- 
t i i t i o n  of t l i c  j ( b t s  rrllitivc. tu  t l i c  muin flriid. i i r id  t l i t .  prcs(bric.c! 
of ot1ii.r j v l s  rcwilting in possible j c t  irittlrac~tion. 

Fwr je t s :  ‘~ i i r l ) r i l~~~i~- l lo \v  velocity profiles: \ I u ( ~ l i  of tlie 
vstaiit t.sptvimcntul iiatti rolative to  gas jvts concerns free 
jets mising with air. I n  genrral, data arc prcscnted in terms 
of vdocity distributions in hotli t l i t .  potvntial (>ore in asially 
symmrtric jrts and in t l i e  rrgion of frilly d t w h p r t i  j t s t  flow. 
Equations writtcn to fit tlir esprrinitwtul data for isothrrmal 
free jvts mixing wi th  air are presrnted in reference 34. Data  
are expressrd i n  trrrns of nionirntrini-flus velocity ratios, in 
which 

1 5 i )  
/E 
1% - 

SIornt,ritriiii-flris vc*liwit y= 

\vhrrr lrz IS t l i t ,  instmti in(wis  vclocity in thr jet in th r  E- 

tlirwt i o n  t L t  tiny rndiri.; r and longitridirial distance x ,  and p 
is the instantanvous density of the fluid. 
IS detcrmincd from impact tube mcnsurrments, and is de- 
twmincd from static trniperature and pressure. For incom- 

The value of 
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prt.ssiblc How, t t i c  riioiiic'iitiini-flris velocity is iipprosirnatcdy 
dl.';. Sloiiir~iitririi-ltcls S -ch i ty  rntios of titi isotticmii:il f rcv  
jet iirr pwsrnttd i i i  tipure A i  for t l i v  potential COI'C, i i  trrinsi 
tion region at  tlir piid of the potential core, and the region 
of fully drvrloptd flo\v. >[any of the data1 urp  p r r s t ~ n t d ,  as 
in many refrrences. i i i  ternis of a Iialf-radius, t l i n t  is, the jet 
radius u t  \v'tiic*ti t lit,  nioiiitliit um-flus velocity rclunls hnlf  thc. 
momentum-flus vtllocit\- o i i  the jet axis a t  the same longi- 
tudinal distance froin t l i c  jctt orifrc. The dotii iritliciite t l i i i t  

(1) Tlir potentin1 core within u.liic*li t l w  1111s wlocity rtttios 
art) consttint rndinll\- is epprosiniutcly :3.5 jvt-orifice dirini- 
eters long. 

(1) Tlic ixdiils of t I i~n  potviitiiil ('ore vortld bo c s p ~ ~ ~ s s t d  tis 

,= 

whtw r r c  is the potential-core radius a t  any longitudinal dis- 
tance .E. Velocity ratios within the potrntial core (less than 
8.5 diam downstream) closelv approached a single generalized 
curve. Within t t i v  transition region. I i o w ~ t ~ r .  11 difrcrrnt 
c w v e  rould be drawii from tliostk for distnncw farther down- 
stream. Radial flus velocity ratios, cowring t i  range of je t  
velocitirs froiri I ( i 6  t o  $01 feet per seconcl nnd distancvs from 
10 to ;IO j t b t  clinnic~trrs tlowistrnmi of tlir jvt  orifiw, i v w b  

c o r r d a t d  by t t i t l  follo\\-ing rspressiou : 

(59) 

Y COMMITTEE FOR AERONAUTICS 

Sorntt tluta are reported in rvferencr 35 froni u n  iiivcstigct- 
tioii of morntwtum a i i t l  miss traiiisftir iri co:isicil jt.ts. Iso- 
tlierniiil cspcriIneuts w t w  roririuctetl with I i o ~ i i o g ~ i r o ~ ~  
mixtures. of air arid helium flowing from X-iiicli- a i d  1 -inch- 
diameter nozzles into a coaxial stream of air in a 4-incIi- 
diameter duct. Extrapolation of the results to the cas(' of 11 

f r w  jet-that is, zero coaxial stream vrlocity-shows that 
( I )  Thr potential core is 4.0 jtbt-orific-e cliamctrrs long. 
('2) Tliv v c h i t j -  i i i  the  frilly tlcvt*lopetl flow rcgiori (dowi- 

strrum of t l w  potcvitid corc~) (*tin lw rrprrscntcd 1)j- 

Thc pott~iitiul-c*olc h ig t l i  is sliptttl\- largw t t i o i i  tlir t q r r i -  
nic,iital vnlur ( 3 . 5  tliam) of rc~fcrvrlc~c* 34 uiid t l i r  tlivorctictil 
vnlue (3.1 diam) of reference 31. Howevcr, the lateral 
velocity distribution agrees exactly with the theoreti- 
cal distribution of Squire and Trouncer (eq. (52)) and fairly 
wrll with t l i r  experimcwtal curve of reference 34 (rq. ( j g ) ) ,  
us shown iii figure 47(c) .  

AxiJ  vc4oci ty distribution w i t h i  t l i p  fully tleveloprcl fltrn- 
rrpiori of t l t c  circ*rilar isotlirrniiil frrr  jets of rrfereiiw 34 
coriltl lw c.losc4~- npprosiniiittvl by 

! t ,  + - .  f 

0 . 4  .e 1.2 2.0 
I12 

r '  
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constancy of momentum a t  any jet section, that  

This esplcssion for asial tdocit?; distrit)utioti agriw closc4y 
with ai1 expression of Squire (ref. 36) .  who rec~ommcridetl 
usc of tliv rdntioii 

~ * . n m r - ~ ~  ( 6 3 )  
cj-- z 

& 
Estrapolatioii of the (lata of refrreiiw 35 for c m s i a l  jets 

to tt free jet giws thr nsinl velocity distribution tis 

(64)  

j ' Theoretical ~~ ~ ,,f Cone of holf-ongle 9.2' 
- - - - - - - -- (0.1-velocity-radius - 

36 clrcies, U"=O.II .- %,ma. - 
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(66) 
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This  equation is recommendcd by Squire (rrf. 36) as repre- 
sentatiye of the temperature distribution on the jet axis. 
A better expression for axial temperature distribution, for 
distances from 5 to 20 jet-orifice diameters from the orifice, is 

-0.845 

c,.,.,,,=3(;) (67) 

N o  experimental data showing the temperature distribu- 
tion in two-dimensional free jets were found. However, 
Howarth (ref. 30) assumes that the agreement of experi- 
mental and theoretical temperature distributions in two- 
dimensional free jets is as good AS with axisymmetric jets. 

As will be indicated in the section AERODYNAMIC 
MIXING. th r  diffusions of mass and heat occur a t  approxi- 
mately equal rates for the separate cases of mass and heat 
transfer. Thus, it  has been concluded that the transport 
of heat and mass will result in similar mixing patterns. 

Turbulence intensity and scale: Hot-wire-anemometer 
measurements of the intensity and scale of turbulence in free 
jets have been reported in various references. One of the 
most recent of these (ref. 39) describes tests conducted with 

.6- 

5 

.4. 

I 
0 .8 I .6 2.4 3.2 4.0 

3.2, . .  
Mefnod 

I -.. -- 
0 2 4 6 8 IO 

Disfonce Qwnstrwm , _p- 
Jet- orifice diom d j  

(a) Lateral scale. 
(b) Longitudinal scale. 

a 3.5 -inch-diametrr free air jet. The experiments included 
the effects of jet Mach numlwr, whicth mas varied from 0 2 
to 0.7, and jet Reynolds number (based on jet radius), 
which was varied between 192x I O 3  arid 725X lo3. The 
intensity of turbulence, which is expressed as the percent- 
age ratio of the root-mean-square value of the fluctuating 
velocity component in the z-direction to the jet velocity, is 
shown in figure 52 as a function of the distance from the jet 
centerline and Mach and Reynolds numbers. The intensity 
of turbulence is a maximum at a distance of approximately 
0.5 jet diameter from the jet ctwterline and decreases with 
increasing Mach and Reynolds numbers. 

Lateral and longitudinal scales of turbulence are presented 
in figure 58. Both scales of turbulence vary proportionally 
with the distance from the jet orifice., and the lateral scnlc 
is much smaller than the longitudinal scale. As shown by 
the straight lines fitted to the experimental da ta  by the 
method of least squares, the lateral scale of turbulence 
could be expressed by 

I Id/ 

0 0.57 + t  

- -  -- - -A_-- 

2 4 6 8 IC)  

(c) Effect of jet-exit Mach and Reynolds numbers on lateral scale. 
(d) Erect of jet-exit Mach and Reynolds numbers on longitudinal scale. 

Distance downstream, 2.29 jrt-orifice diameters, 

T- i' I G ~ R E  53. -Scale uf turbulence in  fret: air jet. .Jd-orifict: ditrriielcr, 3.5 inches; distilrlcc from jct-orifice centerlitic, 0.5 jet-orifice di- 
:rmetrr; jpt-exit \I:rnh riurnhrr. 9 .3:  j r t -wi t  Riynolds riilmhrr, ?OO,OOO (ref. 39). 



54 .'REPORT 13OeNATIONAL ADVIBORY COMMITTEE FOR AERONAUTICS 

s i l d  the  loiigitutlinal sc-alr of trirldcric-c could be rxpressed 
by 

(69) 

As shown in figure 53, the longitudinal and lateral scales of 
t urbulence were nearly independent of Mach and/or Reynolds 
numbers. I n  addition, little variation of the lateral scale 
of turbulence was noted with distance from the jet centerline, 
while ttie longitudinal scale of turbulence was a maximum 
at a distance from the jet centerline of about 0.35 to 0.10 
jet-orifice diameter. 

C'oaxial jets:  Velocity measurements: I n  general, only a 
free jet spreads conically. Also, a boundary layer from the 
tube or nacelle containing the jet may have an important 
iiifluencae on the jet when the stream velocity is an appre- 
ciable fraction of the jet velocity. As a result, correlation 
of experimental data has led to general empirical rules 
concerning the characteristics of coaxial jets. 

Y', y ,* = 0.0641. t 0.3 5 

Squire (ref. 36) states that  

nrrease in radii of half-velocity or O.l-),x (r,,---,Cl) (70) 
(felocity circles above radius of jet orifice 

This expression should not be applied for longitudirial dis- 
tances greater than 30 jet-orifice diameters downstream. 
For the same longitudirial distances arid for values of C,/C7j 
less than 0.6, the velocity on the axis can be approxiniated by 

An approximation for the length of the potential core is 

Potential-core length oc __ (i,-,%J (72)  

Forstall and Shapiro (ref. 3 5 )  present the following empiricd 
equations for coaxial jets: 

(74) 

(77) 

liscrepancies exist betwern thrse equations and t I i r  en1I)irlc'nl 
.orrelatioiis of reference :36. HoiwvcJr. rqiratiori (if,) 
ipproximates a similar theoretical equation of rrfereiicr :3 1. 

Temperature measuremerits: In general, temperature 
neasurements iri coaxial jets are less extensive than velocity 
neasurements. However, Squire (ref. 36) suggests the fol- 
owing empirical relation based largel?- on the previous corre- 
iponding velocity relation: 

Increase in radii of half-temperature- 
or 0.1-temperature-coefficient c i r c l e s ) x c F )  (79) 
above radius of jet orifice 

This approximation applies a t  longitudinal distances of less 
than 30 jet-orifice diameters from the jet orifice. 

The temperature corfficlent at  any point on the 
jet axis can be approximated by 

4.8 
C' 

1 --0.6 
L - j  

The use of the velocity basis for the preceding trniperature 
approximations reflects the inadequacy of experimental data. 
As indicated in the theoretical discussion of coaxial jets, tlierc 
is little agreement of velocity and temperature profiles. For 
coaxial jets, recommended expressions for correlation of jrt 
size and velocity parameters are equations (73) to (78) (ref. 
35). Recommended expressions for temperature parameters 
are equations (79) and (80) (ref. 36). 

Normal j e t s :  The penetration of gas jets into gases moving 
normal to the jet is of special interest in the design of c'om- 
bustion chambers of turbojet engines in which the openings 
for air admission are generally normal to the flow direction of 
the hot gases. In general, ttie definition of jet penetration 
and the degree of mixing have been arbitrarily spe.cified by 
differrrit investigators. As B result, diffcrtlit corrrlations of 
expc~rinwntal data have been developed. 

Penetration: Experimental data indicatirig thr relative 
penetration and mixing of jets of (*old air (trniperature, 
approximately 575O R )  with a normal flowirig strcani of hot 
air (tempcraturr, approximately 1350° R )  arc presriitrd i l l  

reference 32. Penetration was defined as the normal distanoe 
from the plane of the cold-air orifice to the point of minimum 
temperature 1.5 duct widths downstream of thv orificr cetiter- 
line. I t  is concluded in reference 32 that 

(1) For circular cold-air jets of differrtit tltameters and a 
rangr of vc4ocities and temperatures of the two streams, 

[(Momentum, cold stream _ _ -  
, Momentum. hot stream j Penetration- 

k9+k101 '(2 Volumeiric flow rat61 - or bdl Duct depth- 
Volume-How mtc., t i  t \ -  I 

L !  st retLni / J  
(81) 

This relatioil holds until the relative penetration becomrz 
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upprosimtitcly 0.6,  at which time thr cclgc of the cold-air 
j c t  approti(~li(~s t l i c  opposite wtill of t t i i t  t l i w t .  

( 2 )  For the s tmit~  opc.ii arva, circular and squarc holcs givv 
approsimately the same perirtration, while lorigitudiiinl antl 
transverse rectangular holes give bet t,er and worse penetra- 
tion, respcctively (fig. 54). 

( 3 )  In general, mainstream turbulence reduces jet peiie- 
tratioti. Data expressing the effect of turbulence on jtat 
penetration are very meager in the literature. Tltt~ qualita- 
t ire wsults quotrd h t w i u  may tlqwtid to sonit' c . s t t s i i t  oii 

how t h e  niuinstrt~ani turtiulence is gctieratecl. 
(4) Pressure lossc~ are less for a givcit priietratiori by usc 

of a small number of large holes than by use of a h rge  tium- 
her of small holes. 

Results from ti similnr iiivostigtitioti i n  a 1~&itictt-squarc 
duc t  in wl i ic - l i  hot-air jets (temptaratwe, approximately 
1040' R )  entered normal flowing streams of cold air (tem- 
perature, approximately 600' R )  through differeri t shaped 
openings are presented in reference 40. Penetration was 
defined j i i  the same manner as in reference 32, except that no 
limitatioris were imposed on tlie distaiicr downstream of the 
orifice centerline. Relative penetration (lata were satisfac- 
torily coridated i n  terms of either mass or momcvitum ratios 
of the hot stream to the cold strrani. Relative peiictratiori 
increased with increases i i i  either mass or momentum rat,ios. 
The t+Tcc*t of hole slrapc oii rchtivc' pctictratioti was gerieral- 
izetl t)>- tlivicliiig tlie rc>lativc pcrit~tratiori of jets from q u a l -  
area holes of circular, square, and loiigitudinally rectangular 
shape (ref. 3 2 )  by the longitudinal length of the hole (fig. 54). 

Penetration data for heated circular jets of air (temper- 
ature, approximately 860' R )  entering normally a 2- by 
20-iricli duct filled with a stream of cold air (temperature, 
ambient) flowing at velocities of 260 or 360 feet per second 
are presented i n  reference 41. Penetration was defined as 
t h c  tlistatic(l to t h e  point at whirti thr. temperature was 1' 
R grcstttrr t l i t i t i  ttic frer-strcnm total trmperaturcl. Data 
rrprcssirig t t i t i  pr.iirt rat ion w w e  rorrthttvl by t lit, cxprc's- 
siori 

where C; is the velocity of the jet a t  ttie vena contracta 
antl p j  is the densitj- of the jet fluid a t  the vena contracta. 
Penetration was unaffected by variations of Reyiioltls number 
from 0.6X IO5 to 5.0X lo5, viscosity ratios of the two streams 
from 1 .5 to 1.9, arid ratios of duct. width to jet diameter from 
3.2 to  8.0.  

A similar relation was found (ref. 42) for the penetration 
of liquid jets of water injected normally from small, simple, 
orifice-type nozzles into a high-velocity stream of air 
(velocity, approximately 700 ft/sec). Penetration, defined 
as the maximum pcwtration of liquid nt any longitudin~l 
positioti, was tli~tc~rmintd ptiotogrnpliic~~~lly. 'I'lw (lata wr t l  
c-orrrlatrcl by t tic following c.mpiricSa1 expression : 

'I'cBmpcrat iirci distribution : S o  dnt a indicative of the 
tenipt~rtit u r ( a  profiles of a c d i l  j r t  vntrring ti riormnl moving 

strram of hot gascs ww fourid. Howrvc,r, the twtry of hot 
gases into a normal nioviiig strcnm of c*ol(l air hiis h w i i  
iiivcstigatetl (ref. 4x) .  'I'rmprrutiws of t t i v  I lOt  p u w i  
ranged from 660' to 860' R :  orifiw cliariiotrrs. from 0 .250  
to 0.625 inch; arid free-streani velocities, from 160 to :190 
feet per stvoncl. Orifice pressure ratios, wliich wrre nirtch 
higher than would be eiicounteretl in  turbojet cornbus- 
tors, rarigetl from 1.20 to 3.iO. A method was presentctl 
for simple dtbtc)rmiiiation of the temperat itre profilti down- 
strcwri of t t i e  j e t  orifice. '1 '11~ procetlwc~ iiivo1vc.s c l t>t t 'r -  

niiiiatiott of t l i t .  piwetration of the  ji l t  at two positioiis n t i c l  

clctcrmiiicitioti of t tic, upper aiitl 1owt.r slopc~s of t l i o  protilv. 
'I'lte slopes of the profile are functions of several tlimensioiiless 
esponetitial ratios in which the exponents are furictioris of 
the test cquipmetit aiid conditioiis. ' i ' l t ( h  rnasimum t v t i i -  

pwature cliferencc at any dowistrcani positioti w i s  f o u t i i l  

to be a function of the difference between jet ant1 main- 
stream temperatures, and of the ratios of jet-orifice diameter 
to mainstream width and longitudinal distance downstream. 

Figure 54 is recommended for determining the penetration 
of single cold-air jets entering a flowing stream of hot gases. 
This figure is more applicable to the design or analysis of 
turbojet combustors which tiare low orifice pressure ratios. 
For pcnctratiori of gas jets from orifices haviiig high pressur(' 
ratios, equation (82) is recommended. 

Oblique jef.s: Penetration: Data  espressing ttie effwt of 
fluid jets mixing witti fluids flowing at angles other tliati 0' 
or 90' are meager. The investigators of reference 40. varied 
the entrance angle of hot circular jets to include angles of 
22jio, 45', 90°, and 135' with the direction of flow of the 
main stream. Tn general, maximum and minimum penetra- 
tions were obtained with jets at  90' and 22):' to tlie tlirectioii 
of flow of the main stream for all momentum ratios and 
distances downstream of the jet-orifice centerline. For 
angles of 135' or 4 5 O ,  the better ririglr for prrietratioii 
tlcpw(tcv1 upoti tlic position clowistrtwn n i i t l  t t ic  iriomcrituni 

.a 

I 
.6 .8 1.0 I 2 1.4 1.6 I .8 

Coid- streom vebcily 
Hot - sireom velacity 

b'ICURE 5J.-fi;ffcct of opening shape on penetration of cold-air 
jets (temperature, 575' It) into normal hot airstreain (tenrpera- 
tiirr, 1350' It) (ref. 32). Hot stmiin vi.loeity, :ipproxirn~tely 
280 fret, pvr srtcotd. 
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Hot -stream momentum 
Cdd-stream momentum 

FXOURE 55.-EBect of angle between hot-ajr jets (temperature, 
1040" R) and cold mirstre~m (temperature, 600" R) on penetra- 
tion of 0.824-inch-diameter jets (ref. 40). 

ratio of the two streams. Representative data are pre- 
sented in figure 55 (ref. 40) in terms of relative penetration 
of the jets. 

Temperature distribution : Data expressing the temper- 
ature distribution in oblique jets are meager. However, 
Squire (ref. 36) presents general data for the distribution of 
temperature in a hot jet entering a cold stream from a l-inch- 
diameter circular orifice in the wall of a 3-inch-diameter 
body. The angle between streams was 15'. Representative 
data for this configuration are presented in figure 56. With 
increasing mainstream velocities, the spread of the jet is 
reduced and the centerline of the temperature profiles is 
bent downstream. I n  addition, a t  a stream-to-jet velocity 
ratio of approximately 0.4, the centerline of the jet becomes 
parallel to the mainstream flow at  approximately 8 inches 
downstream of the center of the jet orifice. 

,Multiple jets: Multiple jets and their interaction or 
combination are of special interest in the design of combus- 
tion chambers in which air openings are generally closely 
spaced. I n  addition, the interaction or coalescence of jets 
may be important in the design of several jet engines 
mounted together to form a single propulsive unit. 

Free-jet velocity distribution: Qualitative data are pre- 
sented by Squire (ref. 36) for two 0.6-inch-diameter jets, 
with centers 2 inches apart exhausting into still air. At a 
distance of 17 jet-orifice diameters downstream of the plane 
of the orifices, the velocity distribution indicated the separate 
jet origins. At 45 jet diameters downstream, the jets had 
coalesced and a single jet-velocity distribution existed. As 
a rough approximation to determine the velocity a t  any 
point in a field of two adjacent free jets, Squire suggests that  

v= vl,+ v, (84) 
where 

U velocity a t  point with both jets 
Uo velocity st point in first jet 
U ,  velocity a t  point in second jet  

I n  addition, Squire states that a row of jets coalesces and 
behaves 8s a two-dimensional jet a t  sufficient distances from 

3 

2 

I 

c 

as- 0 
.- 

0 I 2 3 4 5 6 
Distance from downstream edge of orifice, in. 

(a) Stream velocity, 0. 
(b) Stream velocity, 120 feet per  second. 
(0) Stream velocity, 210 feet per second. 

FIGURE 56.-Temperature distributiorls downstream of axisymmetric 
Jet velocity, 615 feet per second; jet temperature, oblique jet. 

834' R (ref. 38). 

the orifices. At distances greater than 10 times the distance 
between the centers of the individual orifices, the flow will 
approximate the flow for a two-dimensional jet of the same 
momentum per unit length. 

Free-jet spreading and interaction: Baron and Alexander 
(ref. 44) determined the flow field in regions near a free jet 
of finite diameter by superposition of a number of solutions 
of the flow field for point sources. In reference 45 this 
method was also applied tn regions well downstrcclm of two 
parallel free jets. From the superposition of solutions, 

where 
- 
pU* 
p U $  
p r i i  

momentum flux a t  point with both jets 
momentum flux a t  point in first jet 
momrntiim flux a t  point in second jet 

- 
- 

(85) 
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Equation (85) is \-cry similiir to the equation of Squire 
(q. (34) \ Figit c S i ( n )  ( r r f .  .i(\j give“ ti wi i ipa~~ i~o i i  of 
c.xperi~iietital data in the pluric of the jct ccnterline~ with 
values of predicted from equation (85). Tlie gencral 
agreement is satisfactory. However, the comparisons for 
all the data indicate that tlic metliod of superposition teiids 
to give v d u t s  lower t h a n  the data in the region brtwccn 
the jets nnd valrics Iiiglicr thnn the dtita in the outer rrgions 
(rcfs. 46 nnd 17,. For parallel jets, thc tlisngrerInetit n ns 
not rscessive. 

For i:oiipulnllcl or impinging jets, Baron ant1 Bollitiger 
(ref. 46) found the method of superposition to be unsatis- 
factory for determining the flow field. Figure 57(b) (ref. 
46) illustratrs tlie tlisagrecment hetrveeri prctlictctl and 
c\;perinirnttil d u e s  for an iriclutled angle of 14'. Tlic (lis- 
creparicj- between experimental and predicted values iri- 
creased rapidly with increases in tlie included angle. Mutual 
entrainment and variation of static pressure in the region 
between the jets were suggested as probable causes for the 
large discrepancies between predicted and esperimerital 
values. Equation (85) should not be used when the angle 
between jet centerlines is greater than 14'. 

Sormal  jets: llultiple gas jets entering normal flon iiig 
gas streams are discussed briefly in reference 32. S o  quali- 
tative data are presented. However, included sclilicren 
photographs indicate that two orifices in line in the flow 
direction give better penetration than orifices staggered in 
position. Reference 32 suggests that the mising n i t  ti 
circular openings in line is similar to that witli loti~ituctititil 

distance between jet certterlincs should he approsinintrl? 2 
jet-orifice diameters. 

Orifice corflciants: Determiriation of m i s s  fiou-s tlirough 
openings in combustion chambers rcyuires u linowlctlgc 
of the orifice pressure ratios and (lisctlargr coefficicw ts. 
l l u c h  da ta  are avai1ai)lc pcrtainirig to  t l i t .  clisc~hiirgr c w f f i -  
cients of orificrs in a plane iiornit~l to a f l u i t l  floiritig i t 1  21 

duct. However, in combustion chanit)crs of rariijct or 
turbojet engines, the relative position of openings atitl the 
presence of flame and crossflow of gases generally limit, the 
applicability of such data. As a result, various invrstigittors 
have at'tcmpted to simulate the flow conditions in combustots 
for experimental determination of orifice  coefficient.^. 

Some of the parameters investigated in the rxprrimcmtd 
study of flow coefficients are orifice sizes, slinprs, arid pros- 
sure ratios, and velocities and Rrynolcls numbcbrs of 
the gas streams. C'allaghan and R o w c l ~ n  (rrf. 48) clt%tt*r- 
mined thr tlisrhurgc cocfficionts of gas jots norrnnl to air- 
strcnams as IL function of orifirc~ prossurv rat ios ant1 j1.t 
Reynolds numbers for rircular, squurc, and c4ipticvLl orifcchs. 
T l w  rffrct of airstrcwn v c h i t y  was also iriwst igxted. How- 
ever, must of tlir data prcwntcd arc' for much higlw orifict. 
pressure ratios than would normally be encountwecl 
in jc+cngine combustors. For orifices of tlir samc awa, 
c4iptical orificcs (with the major axis pnrrrlld to th r  tlircv- 
tion of flow of the main stream) had highc~ disrliarga ro- 

(Mi) 
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External velocity, fl/sec 

FIGURE 58.--Effect of external velocity and orifice pressure ratio on 
discharge coefficient of ?/,inch-diameter orifice. Orifice parallel to 
flow direction; zero internal velocity; external static prrssurr, 44.2 
pouiids per square inch absolute (ref. 49). 

2 5  50 t ---- 
50 50 1 I , , "  50 2 5  

- 0  100 
I.O----+-a Variable 0 

2 0  
4 0  
6.8 ___( 

W 
o 170 E 

_ L  _ _ _  
20 'lo 60 

Orifice stotc-pressure drop, 
Ealernal velocity pressure 4, 

(a) Orifice diaiiieter, 0.375 inch. 
(b) Orifice diameter, 0.750 inch. 

FlauRE 59.--Ori!ice discharge coeficients. Orifice pnrnllel to flow 
direction; internal static ~~rcssure, 45 por~nds per s q ~ n r e  inch 
absolute [ref. 49). 

FIGI.RE tjO.-Correction factor for orifices not parallel to flow direction 
(ref. 18). 

Elliptical orifices: 

9=0.149 pt, -+0.469 f 

p ,  

p=5.97 p'd-4.17 
Pi 

In addition, discharge coefficients for jets entering main 
streams having velocities as great as 380 feet per second can 
be calculated from the preceding formulas. However, the 
static pressure of the jet must be calculated from the static 
pressure of the main stream by use of the Bernoulli and con- 
tinuity equations based on open area at the orifice, using the 
mainstream width minus the maximum width of the jet. 

Some data indicating the effect of internal or external 
crossflow and orifice pressure ratios are available in refer- 
ence 49. Representative data for zero internal flow and 
various external velocities with ?/8-inch-diameter orifices are 
presented in figure 58. For zero external crossflow, the 
orifice is similar to a normal ASJIE orifice in a straight pipe 
with a ciischarge cocfficicnt of approxlmcltel>- 0.6. The tlls- 
charge coefficient decreases with increasing external veloci- 
ties and decreasing orifice pressure ratios. These trends 
ngree qualitatively with the rcsults of reference 48. 

hluch data within the range of orifice pressure ratios in 
the combustion chambers of jet engines are presented in 
refcrence 49. Representative discharge coefficients of two 
circular orifices are prrsented in figure 59 in terms of AP/q ,  
nntl various c.;ternnl-intwnal flow velocity ratios. In general, 
orificr discharge cocfficicnts incrcased with decreascs in 
~~utrrrial-iiiternal flow velocity ratios and orifice dinmeters. 
The change in slopc of the ciirvrs of figure 59 is hgpothc.sized 
to be  the result of opposite influences exerted by the internal 
and external l a t c d  velocities. That  is, an interaction 
t l in t  t l c p d s  upon the velocity ratio occurs. For extcrntll- 
intcrnd vclocity ratios less tlian approximately 2, the intcrnal 
velocity is more important, the external velocity being more 
important at velocity ratios greater than 2. 

Refcrrncc 18 has stated that the effect of inclination of 
orifices to the direction of flow can be taken into account by 
multiplying the discharge coefficients read from figures 58 
and 59 by a correction factor C,,,,,,/Ch. This correction 
factor is plotted in figure 60 as a function of the angle of 
inclination between the orifice centerline and the direction 
of flow of the main stream. The orifice discharp coefficient 
incrcnsts with a decrease in the angle bc.tween the orifice 
ccntc~rlinr and the flow tlirrrtion. 

A s  a first approximation for use in combustiori chambers 
of jet ciigiIies, 0.6 should be used for orifice discharge coeffi- 
cieiits urilcss apprrriable internal or external crossflow exists. 
I n  such cases, a discharge coefficient can be read from figure 
58 or 59 and corrected for orifice inclination by the correc- 
tion factor of figure 60. 
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AERODYNAMIC MIX1 N G 

T l i r  at~rotlyiiciniic~ riiisitig of mass, h a t ,  n r i c l  niotti~itituni is 
of fuiitlarntwtal importaiice to inany of the  proct'ssrs iiivolvcd 
in converting the heat energy of fuel to an optimum dist,ri- 
hution of momrntum in the workirig fluid stream of jet, 
etigiiies. The processes involving aerodynamic inising in- 
clude fuel-air misirig, combustion, and jrt mixing, all of 
which occut~ iuiclc>r turbulctit-flow contlit8ioiis. For this rea- 
soil. t l ir  disc.ussioii of misiiip eriipliiisizcs turhulciit trailsport 
i r i  liigh-rrlocit~- gas strrams. 

I Iic misirig of quantitirs srwti tis niass, h t ,  a i d  nioriirii- 

t um in turbulent gas streams is accomplished by the gross 
transport of large groups of gas molrcules by mraris of t h e  
t.urt)ulent fluid motion, witti local mixing prorcrcling 1))- 
iiwaiis of molccular motion. Tlie turbulcrit arid molcc-ulur 
mixing of lieat and mass follows the same grneral laws. from 
which differential equations may be formed for use in the 
solution of problems in the diffusion of mass and heat in 
trirl)ult~nt streams. Solution of the differential equat,ions of 
diffusion is complicated by the deprwlence of the molecular 
diffusion corffirieri ts 011 trmperaturr ant1 pressurc, arid tlic tle- 
prntlrnce of the t.urbulrnt tliffusioii coeffkit'tits oil time. For 
npplicatioiis wlicre t h e  moltvdar diffusioti roefficiciit is 
coiistniit or rirgligible cornpurrti with the turbuleiit diffusion 
c * o t , f F i c i c w t .  :i gtwt~ralizrcl form of t l i t b  diffrrc~rititxl rquntioii of 
tlitfiisioii m t i y  he iisrtl to ot)taiti cswt or griipliivnl solutions 
for tl witlr variety of traitsport p r o t h n s  encouritcrt~tl in jtlt-  

ciigiiic. combustor design. The  followiiig swtions iiicalitdt. a 
grwixl tliscwssioii of tlir theory of t iirhiilciit tliffiision. n tlis- 
cwsioii of t i i t >  solution of t h e  tliffrrrritial cyrui t ior is  of  t l i f -  
fusioii, n tnt)ulatiori of solutions of transport problems for a 
\vide variety of boundarJ- conditions. a discussioti of t l i r  
t+Tt.c.t of pc,riodic flow fluctuatioris on trailsport. arid appli- 
t x t i o r i s  of t u i ~ l ~ u l r t i t  diffusion tlicaor>- to prot)lcms i i i  fiid-air 
mising. For 1111, most part ,  t l i t ,  tlisrrissioii n r i t l  solutions 
pvrtniii to t l i c  time-nicwii roiicwitratiori of miss or I i w i t  n t  
fisc4 poiiits i i i  fluid strrams. 

r .  

DIFFUSION 

Fundamental e qua tions . --I.,:m 1) ir i d  / a  i i 's oj h 1. I:I (1 .IS a I I  t l  
? / I  ( I  M I  r T I  I 11 rn  t run . v j p r  : The t 1 i f f  t'rr t i t in1 ~q i I a t io t is ( I rscr i t) i i ig t t i  (1 

trurisftlr of tirat, mass, and momtwtum arise from a srt of 
sirnihr rmpirical laws, rntati of w h i r t i  stntrs tliat tlir flus of 
21 qiiiiiitity twirig trnnsftm-cv'l t~iroitgti a unit. i i r w  is v q i t t t ~  to 
t l i e s  cwricwitrntioii pratliciit of t l i r  tliffitsing quaillily multi- 
plirtl hy n coeffirirnt. As showri i n  rrferciico : ~ 5 *  tliesr laws 
ma>- hr t abu la td  for voniparisori bt.twreit t t i r .  molrcwlur arid 
t urhiileiit cases as follows: 

i I 
1,:iripirirul 1 Diffiiqion , L:itniilair flow ~ Tiirl)iilvt1t flow 

la\%. (J f  , ~ l l i f ~ ~ l ~ c l i ~ : l r J  

. _ . _ -  . . ~ . .  ~ _ _  - __ _~ ~ , 

EsperimentaI datu. on ttit. tliffiision of mass. t i c s i l t ,  and 
momentum arc summarized in  rrferenw :IS ns  follows: 

I---- 

The tliffrrrntial q u a t i o n  for the combined turbultwt arid 
molrcular traiisport of l i w t  without locd wiirws or sinks is 
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transformation of the independent variable T (tempc.ra- 
tiire) siniilar to t h t  prrsciited in refercwcc, 52  mny be 
employed : 

h=sTr,;cp dT (92) 

With the use of this transformation, equation (91)  may be 
writ ten as 

If the turbulent field is homogeneous and isotropic, and if the 
molecular diffusivity K ( / ~ c ~  is small, or nearly constant, and 
equal in all directions, equation (93) may be simplified to 

Exact solutions of the preceding differential equations can 
be made for a variety of transport problems only if the 
functional forms of the diffusion coefficients are known. 
The effect of temperature and pressure on the molecular 
transport coefficients D.V and K / P C ~  for most gaseous systems 
can be found in the literature. The turbulent diffusion 
cocfficieii ts Dr,,w and DT.H can be determined experimentally 
or may be predicted theoretically from knowledge of two 
fundamental parameters of the turbulent field. The rela- 
tion between the turbulent diffusion coefficient and the 
parameters of the turbulent field is found in the Taylor theory 
of diffusion by continuous movements, wtiicti IS summarized 
in the following section. 

Homogeneous, isotropic, turbulent fields.-Dijjuszon by 
continuous moaements: The theory of diffusion by continuous 
movements, first presented in reference 53, is generally con- 
sidered to givt, a fundamental description of the mechanism 
of turbulent diffusion. The theory provides a coefficielit of 
turbulent diffusion that may be used directly in equations 
(89), (go), (93), and (94) .  As shown in subsequent para- 
graphs. this diffusion coefficient is ti functiori of two param- 
etws that charactcrizc, all turbulent fields. 

The first of the two turbulence parameters IS cnlled the 
intensity dz, Jz, or p, which defines the magnitude of 
the turbulent velocities in the three Cartesian coordinate 
dirertiotis : 

w ~ i c r e  I -I is t l i c  mean stream velocity, anu t l i v  tinicwvcragcs 
ur, G, arid Z are all zero. The second turbulericc parameter 
used in  the Taylor theory is the Lagrangian double velocity 
correlation coefficient ~4~ (sometimes called the auto- 
correlation coefficient), which describes the degree of cor- 

- 

relation between the turbulent velocities of a particular fluid 
purticlr tit time zero and ut tinir f :  

where the ,gU are functions of the time interval t ,  and the 
double bar over the product of instantarieous velocities 
denotes an  average of n large number of particle motions. 

When the turbulent field is homogeneous (Jz=Jz, 
etc.), the Lagrangian correlation coefficients may be written 
as 

From the definition of the correlation coefficient .@-.,, an  
integral equation may be written: 

Since the mean displacement 7 of a large number of fluid 
particles is given by - 
and since 

- ,dY 1 d F  Yu,,,=Z -=- - dt 2 d t  

equation (95) may be writtrii as 

1 d F  As shown in references 54 and 55. the quantity - - - corre- 

sponds directly to the  turbulcwt tliHusioi1 cwr~ffic~ic~tit D,, so 
that 

‘ 9 7 j  

2 dt 

‘ 1  

The turbulent diffusion coefficients derived i n  the previous 
equations make no distinction between the tmransport of heat. 
and mass, and are tlirrclfore c.onsiderect to be applivable to 
both equations (90) and (94) .  I t  is of partiwlar sigriifi- 
c’aiice to note that t l r ~  ‘ r ~ y l o r  t tiwry wsuint’s a I ionioC.1’ i i t~(~ i i s  

turbulent, field where the valiies of the  various intensities 
arid rorrelat,ion coefficients (lo not, diarigc with J)OSitiOIl in 
the field. If the field is also isot,ropic, t,lirri I?,,,, D,,,, untl  

should be identical. 
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Correlation cot$icienf: Direct nicasuremeiit of the Lagrari- 
giau corrrlat ion cocffich t Yo does not uppear to be faasihle 
by conventional anemometry techniques, since by definition 
the motion of a particular particle must be observed over a 
finite length of time. An Eulerian double velocity correla- 
tion coefficient 9 E u  has been defined by Taylor in reference 
56 and generalized by von Khrmhn and Howarth in reference 
57. The Eulerian correlation coefficient 3?Eu describes the 
degree of correlation between fluid-particle turbulent veloci- 
ties a t  two different points in the field a t  the same instant. 
For a homogeneous turbulent field, the Eulerian correlation 
coefficients of interest in the present discussion are those 
relating the turbulent velocity components at the point 
(O,O,O) and (x ,O,O) ,  (O,y,O) or (0,0,4: 

If the turbulent field is also isotropic, then B B ~ , ~ ,  3?Eu,,, and 
A'Bu,r are all identical. The correlation coefficient 9!Eu can 
be measured directly by conventional anemometry tech- 
niques (refs. 58 and 59), bu t  to date no theoretical relation 
has been found between the Lagrangian and Euleriari corre- 
lation coefficients. The  distinction between the two correla- 
tion coefficients is illustrated in the following diagram of 
particle position and turhulent velocity components: 

rl 
- A A x  

N- . /' 6' 

+--- ' Path of pnrficle b 

Sketch (0 

I t  is evident from this diagram that measurement of velocity 
components a t  the points (O,O,O) and (t,O,O) cannot result 
in the true Lagrangian correlation .& of either particle 
a or b. 

A turbulent diffusion experiment reported in reference 60 
indicates that  the Euleriari scale of turbulence pEu may be 
roughly equal to the Lagrangian scale of turbulence yh for 
turbulence Reynolds numbers (,/z YEu)/v> 100, where the 
Eulerian and Lagrangian scales are defined by 

In a recent experiment (ref. 61), a direct comparison was 
made between tlie Lagrangian ant1 Eulerian rorrelation 
coefficieri ts. The Lagrangian correlat ion coefficient was 
deduced from helium mixing data downstream of a point 
source, and the Eulerian correlation coefficient wm measured 
directly by  anemometry. The Lagrangian and Eulerian 
correlation coefficients were found to have the same shape 
when related by the expression 

( 100) 

The factor L%Y was constant for any  particular stream condi- 
tion and varied from 0 56 to 0.72 over a range of stream 
velocities. 

Dryden (ref. 62) notes that measured correlation coef- 
ficients commonly follow the exponential form and suggests 
that  the Lagrangian correlation coefficient might have the 
form 

g E , , ( y )  compared with .dh -- Y 
A9& 

2., y=e-t/tL. (101) 

where tso is a characteristic time related to the Lagrangian 
wale by definition: 

th=- SA. - Y 

d z  
The exponential forni of the Lagrangian correlation coef- 
ficient, which was found in a diffusion experiment reported 
in reference 63, is used for illustration herein. An exponen- 
tial correlation coefficient is shown in figure 61 for typical 
ramjet-combustor approach-stream conditions of 300-feet- 
per-second mean stream velocity, 15-feet-per-second turbu- 
lence intensity, and 0.15-foot Lagrangian scale. 

I n  practice, the Lagrangian microscale of turbulence X L o  
niay Iitlve an appreciable efFect on the form of the correlation 
coefficient (ref. 60). The microscalc is tlcfinrtl I)? the 
relation 

(102) 
t' 

5TLl=1-7 ( t  <<XLo,,) 

I O  

8 
- i 
! 
- 5 .4 
2 .6 

9 e 
b 
0 .2 

0 0 0 5  010 015 ,020 025 .03Q .035 ,040 0 4 5  
I 1 1 1 1 1 1 1 1 1 1 1 1 1 1  Time, I ,  sec 

0 2 4 6 8 'IO 12 14 
Oislance, I ,  11 

FIGURE 61.-Correlation coefficient %t,.., of form .@L..r=e-f"L.. 

Mean stream velocity, 300 feet per second; turbulence intensity, 
15 feet per second; tiirhulence scale, 0.15 foot; turbulence micrc- 
acalc, 0.0416 foot. 
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r i i i c l  its ~ H e c * t  o i i  t l i c  coiwltit ion c*oc.ffic+vit is S I I O \ V I I  i i i  figr~rc> 
t i l  for 21 riiic.i~>sc~iilr vulric. of 0 .04 1 ti foot. 

Ttic t urt)ulent cliffitsion cocffkicwt DT,u ,  wliicli results 
from tlie correlation coefficient dLo." slrowii i r i  figure 61 I is 
plottcd i i i  figure 62 as a function of time 1 and of the distance 
tlowistrenm r through ttie trniisformatiorl c= T ; t .  In ordcr 
to illustrate the effect of turbulence scale on the turbulent 
cliffusion corffirient. curves arc also shown i n  figure 63 for (1. 

r,iiigc' of scale vdi l t s ,  d l  ot Iier ptirumc~tc'rs rt>inailiilig t l i t x  

saiiic. Tlit. (*iirvcs stio\\- t\t-o c*liiirwterist irs of t l i e  t i rrbdent  
cliffusioii c*ot4Fwictit : 

(1) For small times ( t < < f L a ) ,  or short distances (x<<CrrtLa)> 

the eddy diffusion coefficient follows the form 
DT," =Tit 

@) For large times ( t W L o ) ,  or large clistarices (~9 V ~ L ~ ) .  
tlie eddy diffusion coefficient follows the form 

&,,=JZ Z O , "  

I t  is of particular signi5caiic.e to note that the turbulctit 
cliffusion coefficient is not constaut, as assumed in  empiricd 
trenttncnts of tliffusion. hut is in  reality a function of time, 
wliit~li niuy litivc, a \-cbry lurptb vnriutioii ii i  t l i t .  rtiiigo of iiitcrcst 
of prowssrs swh tis fuel-air mixing. 

TurhiilrricP s l ~ t d r u m :  TaJ-lor tim stiowvli (wf. ($4') that the 
Eiilcrian wrrrlution coc.ficicwt is rvlntctl t o  t l i c  O I I C -  

diniciisioiial turbriltwcc energy spectrunl by t I I C  Fourier 
transform integral 

\I ticrr ttir spertrum density function F'( /k)  represents t tie 
frartioli of the total kinrtir cnprpy w1iic.h lies Iwtwcen tlic 
f r t y i i i ~ n c - i w  /; and / T + d / k .  so t l i n t  

This stiort disciissiori of tlie relat ion ttctwcen t l i e  ( ~ ~ r r e l ~ t -  
tion cm+ftcierit arid tlie spwtrurri tlcrisity function is prcwritc~cl 
to scrw as a possiblc insight into t t i c  naturc of t  t ic ,  1,agrciripiuli 
correlation coefficient in cases wllcrth How fluvtuat ions w e  
present in addition to those due to turbulence proper. The 
tffrct of utmormal spwtra on t urhult>rit diffusion is clist~r~sscd 
in  a srwwvliiig sect ion. 

( 'ompari~on of turbulent and molecular dijusiorl: An cscc4- 
lent measure of diffusion is given by tlie quantity o, which 
is equivalent to the square of the standard deviation used 
in the theory of statistics. The standard square deviation 
w due to turbulence is related to tlie turbulent diffusion 
coefficimt by ttie expression 

( 1 Oti) 

111 :i sinriliw niwt1iw. thc staiitlard sqiitw(1 (Iwiatioii t l i i c b  to 
molecular motion is related to t h e .  molecular diffusion 

FII;I HI.; (i2.--'I'hc.or~~tiral tiirl~cil~iit t i i t f i i h u  ctrcfficicbiit I ) T . ~  cor- 
respoirditrg to I,aUrangiaii currvlation coc.fficicirt YL,, = t , - ' " ~ n .  

.\lean stream velocity, 300 feet per second; turbulence intensity, 
15 f w t  per second. 

I Frequency, f7, cps 



cocffiricn by (rvf. 54) 

~ 

BASIC CONSIDERATION8 IN THE COMBUSTION OF HYDROCARBON FUELS WITH AIR 63 

( 107) 

Methods for the determination of the total standard square 
deviation W, where 

w = U T  f W m o l  

are rliscwssetl i n  ii sut)scqucvit scc4on on t t i c  staiidurd square. 
drviation. At prwwit, i t  will suffic-c to iiotc t h s t  ttir grcntcir 
tlic value of t tic poimnt.tt~r w, ttic grratrr will tw t tw  dcgrce 
of mixing. C‘omparison of the turbulrnt and molecular 
stanclard square deviations must be based on the form of 
t tic. c~oiwlat ion corIfFic~ic~rit, s i r i c s c i  t t i e  t urbulrnt diffusion 
coefficient clrptwils tlircrtly on t lw c~orrclation cuor.fficicwt as 
shown by equations (97) to (99). For purposes of com- 
parison, a correlation coefficient of ttie form given by equa- 
tion (101) is assumed. and the turbulent and molecular 
mean square deviations are plotted in figure 64 as funct,ioris 
of time for varioris values of ttie parameters D.w/P%.u and 

On the Imsis of t tic, preiwlinp tliwrission, a c-onipnrison 
can bt! made for a rtioclel of practice1 inttwst: t l i c  tliffrisioti 
of isooct,ane i n  a turbulent airstrcam. For t8tiis coniparison, 
the m o l i w h r  diffusion coc+Ecic~nt is mcixirniztd t)y assunling 
(I low static: prrssurr of 0 . 2 5  atniosplivrc and t i  trigti static 
temperature of llOOo R .  At thwe c,ontlitions, the molecular 
diffusion cot.ffic*irnt, D,v has a value of 0.000774 square foot 
per stwmct. ’I’h tur1)rllrnt. standard square deviation wT 
for a mean stream velocity C’, of 300 feet prr sc*c.oncl, a 
turbulcncc intensity JZ of 15 feet per secon(1, anti a 
Lagrangian scale of 0.15 foot, was calculated from equation 
(106) using ttie t’urbulent diffusion coefficient shown in 
figure 6 2 .  ‘I‘tic turbulvnt antl molecdar stantlurcl squtirc 
tlcviations art’ shown i n  figure 6 5  as functions of tinic’. 
Wtiile ttrc niolrcwlar stanilarcl square tl.oviat,ion is ritytigiblc 
in this diffusion rrioctel over ttw range of intwtbst,, this may 
not always tw the rase. For rxample, the  timws arid distances 
over which diffusion ocwrs  in flamc fronts are so small t tiat 
t h c  nioltvriltir cliff usion roc.ffic.icmt, might brcomr signific.nnt. 

Grrtrraliml .form ctf diflrrtntial equations of digusion: 
Solutions of ttic tliff(wntial equation of diffusion with 
constant cwffiiients arc treated for it wide variety of bound- 
ary conditions in refrrrnres 51 and 65. Equations (90) antl 
(94) for the cwmhincvl turbulcnt and molecular diffusion of 
mass and heat, rcspcrtively, have cocffic-ients that are funr- 
tions of t,he inticpentlent variable t ,  but maty be transformcd 
t.0 q u a t  ions wit t i  constant rocfficient s t h ri ,ugh the rda tions 

p %i /PA.”, 

n ,  

w.-J ‘(DT. v + ~ . w )  (108) 

w H = j ; ‘ ( n ,  H+-$)dt ( 109) 

Methods for the determination of the standard squiire 

deviation w are discussrd in a suhsequrrit section. Witli t l i t .  

transformations (108) and ( log) ,  equations (90) tind (9-1) 
beconw, respwt ively, 

11 11)) 

1111) 

wtiicli art’ amc”il)tt~ to the. simic solutions tis t h o  iIitYt~rt~titiii1 
rquations of diffusion with constant corffic*it>nts. 

Sweral methods liavr hrrn cvolvcvl for the solution of tlw 
cliffrrcntial cquatiotis of diffusion for tlic various t)oun(iary 

‘I’Iie method to bc followrtl Iic.rcin is t h u t  wtiic-li ritilizc..; t l i c  
instantaneous point sourw i n  derivations for nll soiirw 
vonfiguretions. In addition to its value in the  mort’ ronip1t.x 
derivations, the point-source model atlequattdp clcwritws 
some diffusion systems of prticatical intcwst, arid is tlwrvforc 
trrattvl in more detail t han t l w  c-omples modi.ls. .C;ii iw 

cquntions ( 1  10) ant1 ( 1  1 1 )  iirc itlcntic*al t w * t b p t  for ttic 
sgrtihols Mining  t tic c l r p t ~ n i l i ~ n t  ., ,irial)lt>s, rlivir soliit ions III ‘C 

also itltmtical. Hcreirittftcr, ttic cquiitiori for ttir clitfiision of 
mass will tw uscd, \vit,ti ttic rind~~rst~aritling t t i i i t  its solutions 
and those for ttie diffusion of lieat tire identical in forni. 

conditions oorrrspondinp to t hc. typc of tl iff  usion >our(‘(’. : 
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I'oirtt source: The solution for a point source of diffusion 
IS given In reference 65 (p. 338): 

[(I- Li,lP+r'l 

(112) 
,=A - & 

( 4 r w ) H  e 
where 
% concentration of diffusing quantity a t  point ( 2 7 )  and 

K,, strength of point source, lb 
w standard square deviation of fluid particles, sq ft 
3 distance downstream from point source, f t  
I' radial distance from streamline passing througfl point 

The  value w is a function of time, as illustrated in figure 

methods discussed in the next section. 

time t ,  lb/cu ft 

source, f t  

65(a), and may be determined from eqiiation (108) or by 

AS shown in reference 55, the instantaneous point-source 
solution may be used to solve for the case of a continuolls 
point sourre The cwncentration % a t  a point ( 3 , r )  is oh- 
tnlnpd hv a summation of rontrihuttons to that point 

by instantaneous point sources located a t  the points 
( (z-ULI$) ,O,O):  

4" dt  (11:;) 

where wd is the weight-flow rate (lbisec) of material issuing 
from the point source. With the exception of the limiting 
cases of very small and very large distances from the point 
source, the functional form of o does not permit direct in- 
tegration of equation (113). To permit comparison with 
several approximate forms to be discussed, equation (1 13) 
was solved graphically and IS plottrd in figure 66 for the 
following conditions: A i i r  

Flulti - -. -. -. -. -. . - -. . . -. - - . 
_._ . _._._____ 300 

. . __.. 0 25 
. Mean velocity, '*a f t / s e c - - - - - - - -  - - -  - - - - -  

Static pressure, atm _..__-_. --. . ...- . - 

Turbulent intensity, .\iu:=&=du:. ft/sec _____._.___.__.______ 15 

--L/fLO 

Molrelllar dif f i~s~on corfficwrrt. sq ft/zrc . _._ _. . 0 0 0 7 7 4  

. - . . . - . . .  

.-. .-. .._ _ _  ._._._. 1100 Stntic temperature, OR _ _ _ _ _ _ _ _ -  

Turbulence scale, yh.==yk "=yh ,, f t  _.___._._._._._.___._ o 15 
Correlation coeficlent, 2b ==.gk .=,gb ,-. . .-- . 

- . = - -  

_... - 
~~~~i ___.. . . ... ._. IsOOCta11e 
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Distance downstream of point source. x ,  11 

(a) hfean concentrations along z-axis. 
(h) Radial concentration profile at z= 1 foot,. 

Radius, r ,  ~ n .  

( c )  Radi:il concentration profile at .r=3 feet. 
(d) Ilndial coiirrntmtion profit(, a t  .r= 5 feet. 
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AIiother soliition for large times t>tLa and for z>y,s is 
wi , ( t ’ ) ,  the diffusior~ prohltm t)erotnes that of u trltnsirnt 
point source with a solution as given in reference 65 (p. 339) : 

V=P -~ - 
-_ e- 1 e 4 % T ; Z o &  (116) 

4 u ~ ~ Y ~ .  ,I 

,. 

[ (r- UJ ‘) *+rzl 

(118) 

where w’ is the standard square deviation cvuluated at the 
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walytic* solution to cqiiiition ( 1  181 depends upon t h e  fun(-- 
t i o i i i i l  foixi of it.:, 1. (>\-(’II  w t i c ~ i i  diffriaion in t tic s-diix1c.t i o i i  is 
iic&.ctcv\, witti t h  integration pcrforiiicd ov(3r I. I I I  ( x w s  
~vl ic~r~c~ nncilytic* solutions art’ inipossil)lc, rwoirrsc’ niiist t)e 
niade to graphical integration or to differential analyzers 
(nnnlog computc,rs) sii(~Ji >is describrd in refcrt~ric.e 80. 

Standard square deliation: As discussed in a preceding 
s w t  ion on thc corrrlat ion cboefficicnt! tlie 1,cigrwigiaii parani- 
t>tcrs of turhulrtirr c*iinnot be nicusiircd by existing anc- 
niorricbtr). tcc~liniques; und,  furtlirbr, a tlicorcticnl relntioii 
I w t w w i  t l i r  Tdtigraiigitiii n i i t l  Eulcriuii ptircinirt (w litis not 
y(’t brew fouiid. This state of the scicww tlors not allow 
dirtvt, mathematical or graphical determination of the 
standiird squarr deviation w through cqiintions (97), (98), 
(!I<)). ( I O Y ) ,  arid (10‘31. Two dteriiativca 11rc possiblc, t h t b  
first of wliich is based on tlie results of reference 61. If the 
Eulerian correlation coefficient is known for the fluid 
stream in question, then the standard square deviation w 
may be calculated from the equation 

so that 11 graph of w is 

Sketch (91 

-1iic~nionictry techniques for quick arid simple mcasuremrnt 
of k E a ( y )  are discusstd in  detail in reference 61. T o  ohtain 
a graph of w against t ,  the abscissa values are divided by 
A y ’ u i ,  w l i c w  d was found to be 0.6 in rrfcrence 61: 

I= 

0 f ,  sec 

Sketch ( h l  

Wtwn a functional relation h t w c r n  w and t is obtainetl, the 
mixiiig prohlcm may lw  solvccl anal> t icdly or grtq)liirally. 

I hr second alterria:-..(> invu~v PS thc. iii(lirc~*t i i i w s m ” n t  

of  the standard square tlrviation (J i n  ttic ficld of turbulent-e 
I)> utilizing known solutions for continuous point or liiic 
soiirccs. This method lias cssrntiall>- bceii omployed i n  
references 60, 61, and 63, and is described briefly herein for 
u continuous point source of diffusion. Irisptvtion of 
qua t ion  (117) reveals that ,  if tfir conccirtration ‘6 of a 
cas werc known a t  a number of points ( z , r )  downstrcwn 

r ‘  

of ti point sourcr emitting t l i ~  gas at  a coiitinuoiia ]<tiown 
rutc u’( irrto ii t u i . l ) i i l ( i i i t  striLtiiii flo\viiip t i t  i i  k i i o w i i  \-docity 
C*=, t l i c  sttiiid:ir(I s q i t i w  clcviutioii w c ~ ) i i l t l  I ) (> c l l ~ t c w i i i i i c d  as 
a furicetioii of t=s ’[ 7’1ic insti.iinic,iitatioii nr i t l  q u i p -  
mcnt for  such mcwsurenirnts would consist of a gas suppl~-  
and tuhr iiijrrtor. sanipliiig prol)r(s), arid n grns-co~ic.riitrntioii 
sensing instrurncnt. T l i c  staiidartl square d e v i a t i o n  w 

dctcrinirirtl from s i i c ~ l i  iii(~iisiir(~iii(’iita r o d 1  tlieli hc uwt l  i n  
niiy cquution slio\vri i l l  ttil)l(, I I I for t h e  solution of diffiisiori 
pro1)lrms Ireviiig iiiortb c~miplrs w i ~ r ( ~ ~  c.oiifi~:liriitioiis. 
hoiiiicltiry c~oiiclitioris. or hotti ,  Of t l i v  two t i l t i w i i t i v ( ~ ~ ,  tliis 
mstliod s c ~ ( m s  t o  offrr thc i m t  proniiw for  : i c ~ c ~ i i r i i t ( ~  i w i i l t s  

but is far more cumbersome thari tlie method dcwribetl i n  
t h r  prtmding paragrnph. 

Ljnrq i d u t / e ,  , ~ t / r : ! ’ v c f .  t r t c f l  rolut t t f  ,sourct.s: -1s nicAiitiorio(l 
previously, tlic iiist i i i i  I iiii(wiis poiii t - s o i i i ~ ~  iolii t ioii iiiii?. tw 
used in thr  solution of all diffusion sourcr roiifigiiratioiis. 
The concentration ‘/;’at a point ( r , r )  is found by summirig 
the contributions to that point from thr infinitr number of 
point sources which form the particular soiirct’ coiifiguratioii 
under study. Derivations of solutions for thr various s o i i r ( ~  
configurations arc not given lierein, but  a suriiriiary of equn- 
tions is given in table 111. Detailed tlrrivatioris o f  thew 
equations can hi found in t h e  reftwwccs listv(1 i i i  t he  tahlr. 
l l a n y  of the equations in table I11 do iiot l i t t v c  aiiulytic 
solutions; hencr, resort must IN> nindc t o  siniplifyiiig rissiimp- 
tioris, graphical solution, o r  arialog conipritc.rs twforo c l i i w t  
solutions ran be obtained. 

Nonisotropic turbulent-flow fields.-Tlitt precwling tlis- 
cussion on thr th ro ry  of turhiilciit tlitfiisiori and solution of 
the tliffrrential tliffusiori eqtititioiis tins iiss~rnicvl t t i z i t  tlic. 
turbulent, field is Iiomogcuwiia t i i i t l  isotropic.. w l i i c l i  IIUL>. 

reduce the app1ical)ility of t.hr wsiilts i i i  most jct-riigiiici 
flow ficltls. S(wrriiI methods for trrutiiip ticdtt?; o t h t > r  t l r i t i i  

isotropic. or Iiomogcwcwus 11tivc \ ) o ( ~ t i  fount1 tiri(1 LIIY,  tliscwsst~tl 
in  following paragraphs. 

Hotnogrnrous . f i~/t /s:  Frcdi id  l ius  suggvstcd ( rof. 5.i solri- 
tioris to diffusiori proI)I~~iis w t i c w  t h  t i ir t ) i i l c i i  t tliffiisioii 

rocfficitwts art’ l i n e d > -  rdiittvl by 

1 ‘LO) 
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TABLE 111.-EQUATIONS FOR CONCESTRATIOS OF HEAT OR MASS DOWNSTREAM OP VARIOUS SOURCES '-Concluded 

Solutions for other source configurations may be obtained 
by the summation method described in the preceding sec- 
tions. 

Nonhomogenews jields: Diffusion processes may occur in 
portions of the jet-engine stream having appreciable turbu- 
lence intensity and velocity gradients, so that the turbulent 

Source mnngurallon 

DT. .= c F z ( t )  pz( 2)  

I n  this case, the differential equation of diffusion becomes 

T=.%(t) & [F,(z) z]+%(, by 

Range 
Concrntration equation, 

v - Cond I t ions 
tion 

Plane (b .0 )  ... .__ Plane lylng between 
v'-fa, z'-+b 

All I 

__ 
All 1 ( l i 0 )  

All 1 

__ 
All t 

1171) 

~~ 

Indnlte plane 

All I 

__ 
All 1 (e.d) 1 ...... ] Disk source of radlu5 rd. 

All 1 

-- 
All I 

All 1 
surface 

Cyllndrlcal surf= of 
radlus re. wlth lnflnlte 
lenuth ~ 1 All t 

-- 
( a " )  1 ...... I C;; i i cA surfam of 

radius 1.. wlth lntlnite All I 

Cyllndrieal surface of ra- 
( 0 . 9  i ...... 1 diua r.. with lnflnlte 

i 

Lnnth. 
All t 
- 

All I ( b . 0  1 ...... 1 Spherlcalsurfaceofradlus 
r., 

Spherical surf= of radlus 
(0.d) 1 ...... 1 r,, All I 

- 
All I 

Volume 1 Kyparlable over volume 
w=) ~ (p. 338) , 

I (c,d, 1 _ _ _ _ _ _  1 mi variable over volume V' i 
* Symbols are explalned 85 follows: 

er/ ( ~ 1 - 2  r cm'da A. I 

b Imlantaneous. 

d Contlnuous. 
Approximale. 

f Translent. 

Exact. 

erfc (o)-i%j(a) 
.Ji(a)-modlded Bessel function seoond klnd zero order 
Jtl(a)-mcdltled Besrel funellon: flnt klnd, ziro order 
r:-u:+z1, -:-(I- CU):+#l+zl 
K,. tad, nnd ta; .re Independent of I .  y. and I except where noted. 

1 -  

,me ai,- diffusion coefficient may be a function of both t '  
space (assuming negligible molecular diffusion) : ' I  

Successful solution of equation (123) depends on the com- 
plexity of the space-time equations for the diffusion coeffi- 
cients DT,z, DT.", and Dr,z.  
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- Assuming negative values of D r  
Assumi zero as minimum value of 
For flown8ield with no perlodic flow 

fluctuations (fig 6 5 ( a  ) )  

--+ -+ r 

I I , J I t u  
Time, t, sec 

0 I .o 2.0 3.0 4 0  
Oisfance downsiream of point source, r ,  i t  

(a) Suptriiirpo.td di-cwtia 1 docit> fliirtiurt ioii. 

FIGURE 68.-Standard rqiilrre deviation for turbulent-flow field N ith auperinrposed velocity fluctri.rtiuris 

(I,) Stiptsrrrrlpoacd vt.loc~t\ Aiictriirtioii- otvr f i i i i t e  h i i d  \ t i i i t l i  



71 BASIC CONSIDERATIONS IN THE COMBUSTION OF HYDROCARBON FUELS WITH AIR 

I 

I 
I 

, 
1 

1 I 

Oistonce downstream 

(a) Superimposed discrete periodic velocity fluctuation. 
FIGVRE 69.-Concentration downstream of point source of diffusion 

I-- 

so that the Eulerian correlation coefficient becomes 

~ - c  _ - I  -L 1 

It will be assumed that the Lagrangian corrrlation coclfficient 
has the same form as the Eulerian correlation coefficient: 

- - 

of 

in 

point source, I ,  f t  

turbulent-flow field with superimposed velocity fluctuations. 
(b) Superimposed velocity fluctuations over finite band width. 

from which the standard square deviation w may be obtained: 

w=2.24 t+0.0225(e-'"'-1)+0.00057(l-cos 2 0 0 ~ t )  (129) 
The standard square deviation as given by equation (128) IS 

shown in figure 68(a) for two cases: 
(1) Assuming that the turbulent diffusion coefficient may 

have negative values 
(2) Assuming that thr turbrdc~nt diffusion coofficicln t ('1~11- 

not have negative values and t t L a * ,  w h r e  the ttlro- 
retical relations have negative values, the turbulerlt 
diff usiori coefficient is zero 

The standard square deviation shown in figure 65(a) is shown 
again in figure 68(a) for comparison. The concentration 
downstream of a point source of diffusion in the turbulent 
field containing t hr discrete vdority fluctiiation was calcu- 
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lated from equation (II'T),and is shown in figure 69(a) for 
both the preceding cases, along with the concentration for 
the turbulent field without periodic vt4ocity fluctuations. 

Superimposed selocity Jeueiuations with Pnite band width: 
By assuming that the Lagrangian and Eulerian correlation 
coefficients have the same form, the standard square devia- 
tion map  be evaluated for a turbulent field having periodic 
velocity fluctuations of a constant mean square value dis- 
tributed over a finite band width of frequencies. For illus- 
tration, the same turbulent field is taken, except that a band 
of turbulent velocities of constant amplitude is assumed to 
lie between 100 and 130 cps. The  standard square deviation 
for this assumed field is shown in figure 68(b), and the con- 
centration downstream of a point source of diffusion is shown 
in figure 69(b), along with the Concentration profile that  
results from the turbulent field with no periodic velocity 
fluctuations. 

Concentration fluctuations.-As mentioned earlier in this 
chapter, the text discusses aerodynamic mixing from the 
viewpoint of time-mean values of heat and mass concentra- 
tion. I n  many jet-engine applications, knowledge of the in- 
stantaneous fluctuations of mass and heat concentration may 
also be required. Unfortunately, only a limited amount of 
research has been done on this subject. Experiments such 
as reported in references 60, 71, and 72 show that concentra- 
tion fluctuations may be as great aa 0.8 of the time-mean 
value. Fluctuations of this magnitude could greatly affect 
the combustion process. 

I n  reference 60, an Eulerian approach to the mixing prob- 
lem is taken, and an  important quantity appearing in the 
equations is the correlation between the concentration fluc- 
tuations and the turbulent velocity fluctuations. Measure- 
ments reported i n  references 60, 71 ,  and 72 indicate that 
this correlation has a consistent variation in value across 
the mixing space. 

Ailthough the concept of concentration fluctuatioris may 
serve to indicate trends in jet-engine design, its direct appli- 
cation to design problenls must await further research. 

Summary.-The empirical treatment of turbulent diffusion 
and the Taylor theory of diffusion by continuous movements 
liave been compared. I t  was pointed out that the empirical 
treatment c1ot.s not fully desrribe the process of turbulent 
diffusion and may give misleading information when funda- 
mental data are applied to full-scale engine design. The 
Taylor theory of diffusion requires quantitative knowledge 
of the Lagrangian parameters of the turbulent field under 
consideration before solution of particular mixing problems 
can be made. Since only the Eulerian parameters of the 
turbulent field can be measured by conventional anemometry 
techniques, two alternatives are suggested to obtain the 
Lagrangian parameters. The first alternative is to convert 
the Eulerian correlation coefficient to the Lagrangian come- 
lation coefficient by means of an empirical met trod ties(-rihed 
in the section on standard square deviation. This requires 
either experimental measurement of the Eulerian corfficitbnt 
by anemometry, or estimation from previous rxperirnce. 
The  second alternative would employ a simple point or line 
source of diffusion of mass or heat, respectively, installed in 
the flow region of interest, and concentration-sensing instru- 
mentation nt points downstream of the diffusion sourcti 
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The Lagrangian parameters could then be obtained from the 
measured concentration profiles and used in the solution of 
mixing problems having more complex source configurations. 

As pointed out in the preceding sections, periodic flow 
disturbances may seriously affect the diffusive character of 
jet-engine flow streams. For the present, at least, this may 
make generalization of the diffusion process impossible. It  
is strongly recommcnded that turbulence measurements be 
made in full-scale-engine test installations whenever possible 
so that realistic fundamental experiments on diffusion may 
be made. I n  addition to periodic flow disturbances, another 
complication of the mixing problem is found in nonhomo- 
geneity of turbulent fields. The differential equations of 
diffusion are given for this case, but their solution depends 
upon the particular mixing problem. Further practical ex- 
perience in these cases may provide reliable simplifying as- 
sumptions to the equations. A compilation is presented in  
table I11 for a variety of diffusion source configurations. 
Accompanying each equation are notes to assist the choosing 
of an equation for a particular mixing problem. A number 
of the source configurations and boundary conditions do no t  
allow analytic solutions to the differential equations of diffu- 
sion; hence, recourse must be made to numerical, graphical, 
or differential-analyzer methods of solution. 

P U E L - A l P  MIXING 

The mixing of fuel with the flowing stream in jet engines 
is of considerable importance in design practice. The fuel- 
air-ratio distribution at flame stabilizers in ramjet combus- 
tors and turbojet afterburners often affects engine perform- 
ance strongly. The initial mixing of fuel and air, with 
subsequent introduction of dilution air, is one of the most 
important processes in turbojet combustors. The applica- 
tion of the diffusion equations to the mixing of vapor with 
flowing air and of heat with flowing air to some of the simple 
source configurations has met with substantial success, b u t  
much remains to be done in this field I n  purtic*ular, suitable 
relations between the Eulerian and the Lagrangian turbu- 
lence parameters are needed in order to predict the standard 
square deviation of a given turbulent-flow field. Solutions 
for the more complex source configurations and detailed 
knowledge of the turbulent field in all types of jet-rnginc: 
combustors would be of considerable utility to both design 
practice and research. The  following sections discuss the 
current status of practical application of theory to fuel-air 
mixing and present suggested extensions to existing infor- 
mation on the fuel-air mixing of evaporating sprays in Iligii- 
velocity airstreams 

Experiments on diffusion from simple point and line 
sources.-The turbulent diffusion of hydrogen and carbon 
dioxide from a point source in a flowing airstream conforms 
to equations (115) or (116), as reported i n  refertvce 68.  
As predicted b>- the Taylor theor-- ,>f diffiisiori b>- c-oritiniioiiq 
movements, the turbulent diffusion cboc+fic.ient was found (1) 
to approach an asymptotic value with increase in distance 
downstream, (2) to be approximately clirwtly proportional 

to the mean-stream velocity U, (and hence e, since 
dz/U2 is substantially constant in fully developed pipe 
flow). and (3)  to be proportional to duct size (and hence 



~ 

73 BASIC CONSIDERATIONS IN THE COMBUSTION OF HYDROCARBON FUELS WITH AIR 

z’L.y, since -YL,., is proportional to pipe diameter in fully 
developed pipe flow). A similar experimen5 reported i n  
reference 63, shows that the diffusion of salt water from a 
point source in a turbulent water stream follows equation 
( 1  17), and that the Lagrangian correlation coefficient follows 
the form given by equation (101). 

The diffusion of naphtha injected at low velocity from a 
small tube into a high-velocity gas stream was found in 
reference 73 to follow equation (116) when an empirically 
determined turbulent diffusion coefficient was used. The 
turbulent diffusion coefficient was independent of stream 
static pressure (over a range of 4 to 55 lb/sq in. abs) as 
predicted by  the theory of diffusion by continuous move- 
ments. 

The diffusion of heat from a line source is reported in 
reference 74 to follow equation (161) (table 111), where 

1 -  
o=- 2ly+-r t 

2 PC. 

which is in agreement with the theoretical standard square 
deviation for t<<t,,=, as discussed previously. 

The diffusion of heat from a line source in a turbulent 
stream has also been investigated (ref. 60) through a range 
of time such that the Lagrangian correlation coefficient could 
be evaluated. The mean temperatures in the heat wake 
behind the line source were found to follow a simple form of 
equation (161) (table 111): 

where the mean square deviation w was a function of time and 
asymptotically approached a constant value. 

Fuel droplet trajectories and impingement.-Aerodyrlanlic 
mixing includes not only diffusion mixing of unlike gases 
but also the contact of liquid-fuel droplets with a gaseous 
medium into which the fuel may vaporize. In a turbojet 
combustbr, liquid fuel generally is introduced in tlie form 
of a hollow-cone spray composed of fuel droplets that  vary 
widely in size. The fuel is rapidly disintegrated by recir- 
cultttory currents induced in the primary combustion zone. 
In  ramjet combustors, however, liquid fuel may i n  t h e  
form of a h e  spray introduced longitudinally into a high- 
velocity airstream. Much of the spray may be deposited 
on the flameholders, the amount depending on the fineness 
of the spray and the gas-stream velocity. Reference 75 
suggests that  the stability of flames behind a flameholder 
depends, among other things, upon the liquid fuel that  col- 
lects upon the bluff object. A possible explanation of the 
entry of the collected fuel into the recirculatory zone down- 
stream of the flameholder is the rearward flow of the liquid 
fuel to a downstream point on the flameholder, a t  which 
point the  fuel is either sheared from the rod suIface by the 
high-velocity airstream or is partially vaporized by heat 
conducted from the flameholder. Under either condition, 
much of the fuel is swept into the recirculatory zone. With 
such a combustion system, tbe rate at which fuel collects 
upon the bluff oGect, or the manner in which it is carried 
past (fuel droplet trajectories) can he important in stable 
and efficient combustion. 

8 

FIQUEE 70.-Total liquid droplet collection efficiency of cylindrical 
rod in moving airstream (ref. 78). 

6 

FICI.RE 7l.-.ingle beyond which no liquid droplets impinge on 
cyliiidrical rod in  moving air\treani (ref. 78) .  

FIOI.RE iZ.-Impact velocity of liquid droplets at stagnation point 
011 cyliiidrical rod i n  rrioving airstream (ref. 78) .  
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Rcftvwc-e 76 prtwtits data for tlir trajectories of small 
\\-ntcr ~lroplc~ts  tiioviiig t i t  Iiigti vc4oc.itics past 11 c~yliritlw i r i  

ciir. Data ivt'rv c*nlv i i lutrt l  frorli t l i e  tliffciwitiril equations 
of motioii of a particlc. \'urinblt.s iiicluild cyliiidcr radius, 
air velocity, viscosity, and density, antl the droplet velocity, 
dianic>tc>r. tlcrisity, Reynoltls number. nrid drag coc4lcient. 
Data  sliowiug t lit. maximurn collection efficietlcy of a c.ylindt,r, 
t l i c  aiiglc. btynict which no droplets strike, atid the  vrloc-ity 
of impact of the droplt.ts on t t ie  roc1 arc presentccl. Thew 
dat n ivtLrc cnlciilated for tlroplcts of uriiforrtl sizc,. 111 g ~ n -  
crttl. Iiowc\-er, droplcts in it combustor art' not of uiiifortn 
sizc. Thus, although t l i r  dutn of rrfrrencc 76 may trot allow 
quantitative answers, qualitative comparisoris of different 
flarnt+olrlrrs map possibly be tlt~terminrd. 

.I dctailtd dtwriptioii of the method of cd(~u1atiiip t lie 
data of reference 7(i is beyond the scope of this c~1iu:)trr. 
In general, however, it was found (ref. 77) that,, for fuel 
collected on a cylindrical rod, the thickness of the fuel 
film decreases with decreasing fuel-air ratios and derreasing 
fuel viscosity, tlie point of maximum film thickness moves 
rearward and the film shape undergoes a marked change 
with increasing airstream velocity, and tlie average velocity 
of fuel in the film at  a position on the rod 90' from tlie 
sttignation point increases with increasing air veloc-ity arid 
fuel-air ratio and decreasing fuel viscosity. 

111 reference 7 8 ,  the families of curves of referwice 7 6  nre 
gcneralizetl into a narrow range of curves by tlie use of several 
simplifying assumptions. The total collection efficiency of 
the cylinder, the angle beyond which no droplet impinge- 
ment occurs. antl tlie droplet impaot vrlcwity at the stag- 
nation point are preseritrtl i n  figures 70, 7 1 ,  arirl i 2 ,  rrspec- 
tively, in terms of 11 and as follows: 

( 1  32a) 

where 
,I range of droplet in still air if projevttd into still air 

with nn initial velocity era, whcn. follows 
values given in ref. 76 

range of droplet in still air as a projwtilc with initial 
velocity Cia, assunling that Stokes' law holds 

Rt*ynolds number of droplet based on air velocity C',, 
Reyrioltls number of droplet bastd on vc.loc.ity of 

A . ~  

Re,, 
R p d r  

tlrop1t.t rc.lative to air, I I 'd , -  I -,,\ 

. h i  empiricd formula that fits t t i v  vu luc~s  of clroplist (Iraig 
corfficient used iii rc1fiwric-t. 76  is 

These (lata, like t l i v  data of reference 76, t w i  I ) c b  I ISCVI  twst 
for qiialttative cwriipttrisoris o l  tliifcwtit fittnwlioltlcrs. 

Turbulent spreading of evaporating liquid-fuel droplets 
from fuel injectors.--lriforrn~~tio~i pcrtaiiiiiip t o  t l i c  liqrii(l- 
fuvl ilist~~il)utioti i n  f u c n l  sprtiys i n  liipti-vc~loc*ity nirstr('t1tns 
is limitctl mainly to simple-orificc cotit rastrcam injcctors. 
Reference 42 relates tlie boundary geometry of liquid spraj-s 
from single-orifice injertors to sprttJ- variables such as injec- 
tion angle, injection pressure, liquid density, aiid jet velocity ; 
to injector variahlrs such as strut shapr ntitl orificsr dianirtw; 
utid to airstream vuriables swli as strvam velocity uiitl t lc l i -  

si ty. I,iquitl conc(~n t rti tioti profilm rtwil t itip froin ol,liquc 
injertors arid from coniplrs f u c i l  itijwtors linvc riot h c t i  

report etl. 
The initial spreading of the fuel spray is clue to tlw radial 

momentum imparted to ttic fuel clroplcts by thta injector 
antl dt~p(wds on the vnria1,lt.s clisc~ussc~d in  c.liapttir I .  Further 
spwdi i ig  t u l i c ~  place 1)). virt i i v  of t t i11  mising uct ion of t t i t i  

turbulent field and follows the same genernl laws as the 
diffusion of vapor or gas when initial spreading has been 
accounted for by assigning an appropriate source configurn- 
tion. Dicwl oil concentratio~i profiles downstream of a 
simple-orifice cotitrastreatn fuel injector and of a I1ollow- 
cotie spray riozzle arp reported i r i  rc.fercrice 73.  For n low 
liquid jet vcloc-ity, the concentration profiles follow t h c  
eqita t ion 

(wlicre j l  is liquid fut4-ttir ratio! ~ which is identical to equn- 
tioii (11s) (ta1)le TIT) if  D ~ = ~ ~ Y L ~  ns assumed in ttw 
rt.ft.rt.llcc. For a Iiigticr liquid j,t vclocity wit11 thr. simplib- 
orifice contrastream injector, the tlnta of reference 73 fit the 
tliffusion equation for A disk soitrcc : 

t 1111 i f  w = I I T  The function 4 iq plotted in reference 73 

for t i  rntige of vallirs of r / rds  aiid ~ r z r ~ J 2 D T r ,  where the 
disk-soiirrc radius rdr follows thr empirical relation 

. 
I 'z 

Coticwitratioti profiles downstrcAam of the hollow-coticb spra?- 
nozzle. also followed equation (13.5) whet1 an appropriatc: 
tiisk rntliiis was U W ~ .  It was fotitrtl that tlie empiricdl~r 
(I t b  t ~ T I I  I i I 1 CY 1 1 i f f  i i sio t i wc#ic.i c i i  t for 1 i (1 ii i ( I -  f i i  PI ( I  ro plv t s w 11 s 
jdt~ntit.nl for t l i c  thrce furl-injection systc.riis w ~ l i e n  airsc, cain 
cwitl i t iotis  wrre  h ~ 4 t l  cotistatit. 

Tlic c.spc.rinlc~rlta1 work tliscussvcl i n  t t i c  preceding para- 
grtlpli suggests that liquid-fuel spreading proceeded at. a rate 
independent of fuel droplet size, since the concentration pro- 
files voriform to (*quatioris clwivecl for con tiriuous mediums. 
.I clc~tuiled ptiot,og~apliic. st tidy of isooctnnP fuel sprays 
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iqmrt(v1 in rcfrrenrr 79 shows that t l i t l  arrrleration of rvap- 
orntinp f u t 4  tlroplt\ts t o  streani vclority H'W iiitlrprritltwt of 
drop size for the stream conditions investigated. Analysis 
of tlir data reported in reference 79 shows that, for the spray 
system studied, the droplet velocity conformed to the 
eqiia t ion 

(137) 
Tlic time rrquirrd for a fuel droplet to reach an>- station z 
don iistrcam of tlir furl iiijertor was 

-[:(1-e-337') 
dr -- 

(135) 

Two such distance-time curves based on the data from 
rtbfrrciire 79 arr shown i n  figure 73, along with the lirirar 
time-distance curves t= Czt corresponding to the two stream 
velocities investigated in the reference. 

The significance of equation (138) is shown by further 
analysis of liquid-fuel concentration profiles measured in the 
same fuel-injection system as the data of reference 79. 
These liquid-fuel concentration data (unpublished) were ob- 
tained during the fuel-spreading program reported in refer- 
ence 80. The liquid-fuel concentration profiles follow a 
forni based on equation (117) (table 111): 

(139) 

I-alues of uIf  were determined from the liquid-fuel profiles 
at  three different stations downstream of the fuel injector 
for t t i c  same stream conditions uscd 111 refcrtxncr 79. Through 
the use of figure 73, the liquid-fuel standard square (leviation 
ran be plotted as a function of time, as shown in figure i4 (a ) .  
-1s st~cn from tlie figure, the diffusion corfficient DT.1, for 
t I i r  liquid-furl droplets is independent of both time and 
strcani velocity over the range invrstigatetl. The experi- 
niriitnt data of referencr 73 in(-lritle valucs of thtl tlirsrl oil 

75 

rlroplct diffusiori corfficient DT.1, a t  n fiuccl station tlown- 
strcarii of t l i c  point-sourre injertor for a rarigc of s ~ r c w i i  
velocities from 200 to 460 feet per second. The droplet 
diffusion coefficient DT,,, was found to be constant over this 
velocity range, which corroborates the data of figure i4 i a ) .  
At the present time, no straightforward analysis is availublr 
that  explains the independencr of the liquid-fut.1 clrop1t.t 
diffusion coefficient from stream velocity. 

A sumniarv of unpriblishrd data ohtciinctl iri conjurirtion 
witti tlie resrarch rrportctl in rrfrwi irc  80 is sliowi in  fiprircl 
i4 (h) ,  w h r e  tlic isooctane liquid-fut4 drop1t.t stliii(ltircl 
square deviation is plotted as a function of time. 'I'he 
time t was found from rquation ( 1 ~ )  for each data point. 
with the nssuniption that thr liquid tlroplct ac'cdvrtttiori 
was iiitlrpriitlmt of strrani prrssurt. u i i t l  ttanipwnt urc '1'1io 
data scatter iridicates that either the liquid droplet tliffusion 
coefficient DT,l,  or the liquid droplet axial acceleratiori, or 
both, may have a relation to stream temperature and 
pressure. Further experimental data on the acceleration of 
evaporating fuel droplets over a range of stream pressurrs 
and temperatures would be of great utility i n  evaluating the 
numerical constant in equations such as (137) and (1%). 

. --*-+-- 

+ - + - - -  

Distance downstream of Injector, I, In 
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Combined spreading of liquid and vapor fuel in high- 
velocity airstreams.-The spreading of evaporating liquid- 
fuel sprays is treated in reference 80, where isooctane was 
injected from a simple-orifice contrastream injector into a 
high-velocity airstream. The stream pressure and tempera- 
tures were varied over wide ranges, and vaporization rates 
(ch. I) and total fuel-spreading parameters were evaluated 
from the total fuel-concentration profiles, which followed the 
form 

.I 

Equation (140) is identical to equation (117) (table 111) if 
S=4w. The total fuel-spreading parameter S was found to 
follow the correlation 

T 0.67 
S=0.0598 (E) 

While the correlations presented in reference 80 hold for fuel 
injectors and airstream conditions used in the investigation, 
a more general analysis would apply to any source configura- 
tion. The remainder of this section is devoted to a sug- 
gested general analysis. 

The diffusion model of an evaporating spray may be con- 
sidered to have a source configuration consisting of an 
infinite number of point sources of vapor fixed in space a t  
the coordinates (z',y',z') : 

Vapor 
concenlrahon 

01. ( Iyo 21 
t Polnl source 

I 

I Y'I 
IY 
I 

, I 
/ 

I 

Sketch ( i )  

The point sources form a volume correspondir~g to the space 
swept out by the liquid fuel droplets as they are swept down- 
stream, and each point source releases vapor a t  a rate deter- 
mined by the liquid-fuel concentration and the vaporization 
rate a t  the coordinates (z',y',z'). The rate of release of 
vapor, or point-source strength, is given by 

The liquid fuel-air ratio f, is a function of the coordinates 
(z',y',z'), and its form depends on the particular fuel- 
injection eystem. mder  consideration. For the simple- 
orifice contrastream injector studied in reference 80, the 
liquid fuel-air ratio was of the form given by equation 
(139), which may be rewritten as 

(143) 

The vaporization rate b& appearing in equation (142) is 
discussed in chapter I. If the drop-size distribution is con- 
stant across a particular station, as was the case for the fuel 
sprays investigated in references 79 and 80 (and apparently 
in ref. 73) ,  the vaporization rate br./bt is a function only of 
the distance L'. The functional relation between bc&t 
may be found by the equation 

where the droplet velocity u d ,  map be obtairiecl from data 
such as those of reference 79 (shown in eq. (137)) and the 
axial gradient of the evaporated fraction bt,/bz' from data  
such as those of reference 80. The fraction of the total fuel 
evaporated a t  any particular station can be obtained as a 
function of the distance z' from data such as thcse of refer- 
ence 80, as discussed in chapter I. 

The vapor concentration a t  a point (z,y,z) (see sketch 
(i)) is given by equation (185) (table 111), which may be 
written in terms of vapor fuel-air ratio as follows: 

For the fuel-injection system described in reference 80, the 
relations given by equations (142) t,o (144) may be applied 
to equation (145): 

y'2 cu-v',' 2' ( z - 2 ' ) l  ] d y' } dx') dt 
L 

which may be reduced to 
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While t e  and w f ,  are known functions of z’, the integration 
over I’ must be carried out for a number of values of t for 
each particular point (x,y,z), so that the graphical solution 
of equation (147) would be tedious, even with the aid of a 
differential analyzer. 

EEect of solid boundaries and flow-area changes on’ fuel 
spreading.-The effect of duct walls or other solid boundaries 
on both liquid-fuel droplet and fuel vapor concentrations is 
discussed in reference 73. The effect of walls on the liquid- 
fuel concentration is indeterminate, since the liquid may 
either adhere to  the wall or reatomize back into the stream 
(ref. 73). For the vapor case, an exact solution has been 
obtained (ref. 73) for the vapor-fuel concentration profiles 
downstream of a point source located on the centerline of a 
circular duct. A graphical method for wall correction is 
proposed in the same reference, which compares well with 
both experimental data and the exact theoretical solution. 
The method essentially assume$ that vapor is reflected from 
the walls and is directly additive to the theoretical concen- 
tration profile for an infinite duct. An empirical method for 
graphically determining fuel concentration profiles in ducts 
of changing area is d i scwed  in reference 73. 

Assumptions and procedure necessary for application to  
jet-engine design.-The information contained in the pre- 
ceding portions of this chapter on aerodynamic mixing may 
be used to solve practical problems in jet-engine design. A 
typical problem is the positioning and spacing of fuel in- 
jectors in combustors. By following the procedure listed 
below, a direct solution to this problem may be obtained: 

(1) Determine the physical properties of the flow field: 
(a) The radial velocity profile must be fairly flat. 
(b) Reasonable variations in the axial velocity pro- 

file are permissible if the mixing process is con- 
sidered on a time scale only. 

(c) The turbulence must be fairly homogeneous 
throughout the mixing region. (Struts, fuel in- 
jectors, etc., may introduce considerable vortex 
streets.) 

(2) Determine the appropriate configuration of the mixing 
source. (See ref. 73 for some information on spray 
nozzles.) 

(3) Determine the functional relation between the stand- 
ard square deviation and time, by one of the following 
methods: 

(a) The experimental diffusion method described 

(b) By hot-wire-anemometer measurements and the 

(c) From estimation based on experience with 

(4) Solve for the fuel-air ratio (fuel conccntration) a t  

in the summary of the Diffusion section 

empirical relations in reference 61 

similar flow fields 

points of interest: 

(a) Use appropriate equation from table 111. 
(b) Use summation principle for multiple source 

configurations. 
(c) Use instantaneous point-source solution (eq. 

(112)) and sum by integration for solution to 
configurations not listed in table 111. (See 
eqs. (142) l o  (147) for an example.) 

Summary.-Experiments on the diffusion of vapor and of 
heat from simple point and line sources substantiate many 
points in the Taylor theory of diffusion and in the ana- 
lytical solutions of the differential equations of diffusion for 
such source configurations. The mean square deviation LJ 

is a function of time asymptotically approaching a constant 
value and is independent of local static pressure. 

I n  addition to the spreading of liquid-fuel droplets due to 
initial momentum imparted by the injection and atomization 
processes, liquid-fuel sprays mix further with the airstream 
because of turbulence present in the stream. Little work 
has been done on this subject to date, and available infor- 
mation seems to indicate tha t  the turbulent mixing of fuel 
droplets follows the same general laws as those for vapor if 
special consideration is given to the aerodynamics of the 
droplet. Data taken over a limited range of stream and 
vaporization rate conditions seem to indicate tha t  the 
turbulent diffusion coefficient for liquid-fuel droplets is 
constant, but no general laws have been substantiated by 
experiment. A suggested model for the combined spreading 
of liquid and vapor fuel is presented, and the mathematical 
analysis is carried to an integral form not subject to analytic 
solution in its present form. 

JET MIXING 

Mixing of gases having different temperatures or different 
components may occur in laminar flow or in flow having a 
turbulence that is either microscopic or macroscopic in 
charticter. In  laminar flow, mixing is usually slow and 
depends upon molecular diffusion, In  turbulent flow, mixing 
depends upon eddy diffusion, whereby eddies in one stream 
diffuse into the other streams, with a resulting increase i n  
the mixing rate. Microscopic turbulence arises from flow in 
a smooth pipe at  Reynolds numbers greater than the critical 
value, while macroscopic turbulence results from obstruction 
or path changes in the mixing chamber. Mixing in turbulent 
flow, especially macroscopic mixing, is probably of greater 
importance in combustor design than any of the other forms 
of mixing. In general, mixing of gases can be achieved by 
two major methods: 

(1) Subdivision of streams 
(2) Creation of turbulence 

Mixing of gas streams by stream subdivision is discussed by 
hfinchin in reference 81. For two parallel streams of gases 
having equal velocities but different temperatures, t h e  
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lateral temperature gradient due to microscopic misiiig 
aloric could be approsinit1 t c t l  by 

Temperaturtx gradient =500(r)-O (148) 

where r equals the distance from the junction of the two 
streams, and the temperature gradient, expressed i n  per- 
centage of the maximum temperature difference per inch, 
is measured over a distauce of 0.04 I. These results were 
found to be intleptwient of the absolute velocities of the gas 
stream, 11s long as the vt4ocitit.s were equal and the Reynolds 
niinibcrs were above tlie critical value. For mixing betweeti 
parallel streams varying both in temperature and velocity. 
little change waa discerned in the mixing near the mixing 
origin. Howrrer, thc effect of the different velocity became 
marked at tlistanws farther dowiistreani. I t  was imnittteriul 
which of the different temperature streams was the faster. 

Variation of the angle of mixing between jets influences 
mixing. However, as shown in the following table, the effect 
of the angle is negligible for included angles of less than 45": 

I 
1 Temperat w e  gradieii t s, percent /in. 

Distance downstream froin jurictiou, ~ 

____ ______ ___- 
I 

Total angle betweru jets, 
deg 111. 

___-____-_-I__-- 

2.5 5.5 8.5 11.5 

The absolute velocity of the two streams with the mixing 
roll affects tlic tlegrce of mixing iri that similar temperature 
distributions rcquirc the sanic tinit, interval for mixing. 
Differences in velocities of t tie two parallel streams Iiindrred 
formation of the vortex trail and reduced tlie degree of 
mixing, although little effect was noted at  velocity ratios 
greater than 2. As with mixing with parallel streams alone, 
it is immaterial wliich stream is the faster. 

Some data have been rwortlctl i n  which macroscopic 
turbulence was created in c w I i  of ttie individual gas strcams 
before mixing. Data  in wliich !$-incli-diameter cylinders 
or sharp S-bends were iiistcllled upstream of the junction of 
parallel gas streams indicate that large-scale upstream macro- 
t urbulence reduces the mixing when the mixing-roll method 
is employed. Howevrr, iri plain mixing 1)ct wren parallel 
gas streams, mixing was iniprovetl by t tic introductio~i ol 
upstream turbulence-producing obstructions. Mixing be- 
tween two concentric gas streams differing in temperature 
is similar to the mixing of two parallel gas streams, How- 
ever, the mixing-roll method seems to be more effective 
with concentric gas streams than with parallel streams. 

Pressure losses due to mixing of gas streams in the follow- 
ing three configurations are discussed in refererice 83 (com- 
plete mixing of t h e  two streams aftcr their juiictiori IS 

assumed) : 
(1) For normal gas streams, expressions similar to those 

defining prt.ssurt' losses due to heat ctdtlition can be utilized 
if the total-temperature ratio T l , + / T l . 3  in equation ( 2 3 )  and 
figure 39 is replaced by  

i 149a) 

wlirre w3 and W 3 b  are drfiiirtl i n  table IV.  For rapid approsi- 
mation, ttir diffrrt.nc*e in thc  R's and 7's may he ricglwtt~tl, 
untl rquatioii (I49al rcducrs to 

device at the strram junctions. With the latter method, 
tiirh~iterict.-pro(lii(~iiig tlcvices introtluretl at the interfacar 
between streams to cause interlacirlg of tlie streams protluccd 
hcst results. Suc.li devivcs ure similar to thr  flameholders 
used i i i  some ramjet erigiiiw. 
h possible method of mixing discussed in reference 81 is 

th r  usc of a cylintlrical obstacle a t  the interface between two 
parallel gas streams. This mixing roll creates a vortex trail 
roniposetl alternatdy of gases from the two tlifferrnt strcams 
aiitl provides gaps for poric.tratiori of gases from tlic opposit ti 
str(wii. Some data art' rrportcd i n  wtiict. .tic. d i t t r n c b t t h r  of 21  

c-yliiitlw 1)t.t ween two parallcl streams of gasw at tliffrrcnt 
temperat urrs was varitd. 1 ric~rrasiug mixing was ot,tainrd 
with diameter increases from % to % inch. However, the 
inrreaserl mixing was obtained at the expense of an  increased 
pressurc loss. ( 'yliritlrrs larger than 3: inch in diameter 
etfrvtrc! no improvtmc.iits 111 niixiiig. 

pressure losses due to complete mixing of two perpendicular 
gas strrams can he found from either equation (22) or figure 
39. 

(2) The mixing of oblique gas streams is somtwliat more 
complicated than the mixing of perpendicular gas streams. 
Additional parameters derived in reference 82 include 

(1 50a) 

( 150b) 

where a IS the irivlutitd ~ l i i g l c ~  between t tw pas strrams. As 
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Arrangement B* 

2.6 

2.2 

I .8 

F 
I .4 

I .o 

.6 

'20 .I .2 . 3  .4 .5 .6 .? .8 .9 1.0 
Inlet Mach number, 

PICURE 75.-Values of parameter n for determination of mixing 
pressure losses of oblique and parallel gas streams (ref. 82). 

C* I - I 
R 
C* (for constant R and 7 )  

I 

before, the differences in R's and y's may be neglected for 
rapid approximations, and equation (150b) reduces to 

A new parameter R, which is defined as 

i 1 5 0 ~ )  

(150d) 

is used in determining the exit Mach number. Values of 
RfC* for various inlet Mach numbers and values of B*, and 
y3  of 1.4 are presented in figure 75. The value of exit Mach 

I Gas stream 

I Normal- -. . -. 

Parallel- __. . - 

number M, can be found by substituting Q2 for T1, , /T1 ,3  in 
figure 39 or equation (23). Total-pressurr losses due to 
mixing of the two oblique streams can then be found from 

(3) Mixing in parallel gas streams is treated in reference 
82 in much the same manner as oblique streams, except that  
a term which includes the area ratio is added. For mixing 
of parallel gas streams, as shown in table IV, the parameters 
B* and C* are defined as 

(151a) 

where d i s  the ratio of jet flow area A3 to mixed-jet flow 
area A44. For constant R and y, equation (151h) reduces to 

The parameter Q,  which can be determined either from 
equation (150d) or from figure 75, applies to parallel-jet 
mixing as well as to the mixing of oblique jets. However, the 
appropriate values of B* and C* from equations (151a, b, or 

1 I 1 
! I  
I '  

d(l+%)(l+%?") 1 or From eq. fig. (1 50d) i5 w s  Ti,  

L 

I i 
l- 

3 
I I 

1 '  I 

! i -i 3b 4 
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c) must be used. As with the mixing of oblique gas streams, 
the exit Mach number can be found by substituting n2 for 
T,.,/T,,, in figure 39 or equation (23). The pressure drop 
due to mixing of two parallel gas streams can then be found 
from equation (150e), which also applies to normal gas 
streams. 

DESIGN SUMMARY 

The object of this chapter has been to present aero- 
dynamic relations applicable to the design of the combustion 
chambers of jet engines. The designers of combustion 
chambers are generally interested in the combustor approach- 
stream parameters, combustor pressure losses, jet penetra- 
tion and mixing, orifice coefficients, turbulence levels, and 
fuel injection and spreading. 

For the designer of combustion chambers of turbojet or 
ramjet' engines, equations (1) to (14) and figures 31 to 33 are 
suitable for determining approach-stream parameters of 
pressure, temperature, and velocity. Equation (15) and 
figure 34 may be used to estimate the effect of combustor 
pressure losses on over-all cycle performance. In  accounting 
for t,he effect on combustor pressure losses of abrupt changes 
in cross-sectional flow area, bluff bodies or flameholders, fric- 
tion forces. arid momentum changes imparted to the gases, 
equations (16) to (34) and figures 35 to 41  can be used. 
Pressure losses due to jet mixing can be estimated from 
equations (149) to (1st)  ant1 figure 75. Equation ( 3 5 )  can 
be used to correlate combustor pressure losses. 

J l any  applications in combustion chambers require a 
kuowlrdge of jet mixirig parameters. Theoret,ical velocity 
profiles in free jets are best expressed by equations (41) and 
(43) and figure 43. Theoretic,al free-jet temperature pro- 
files are best expressed by equation (49) and @e 44. For 
coaxial jets, theoretical parameters can be obtained from 
figures 45 atid 46, Equations ( 5 3 )  to (56) theoretically 
relatr the pent>tratioli of air jets to duct dimensions and jet 
and strram parumcttm. 

Rec~ommtwlrd rsperimriital data on vrlocity profiles i n  
frre jets are c3ontained in equations (58) to (61) and figures 
47 to 49. Experimental tempwaturr profiles in free jets can 
be dt~tt~rniiiird from equation (67) arid figures 50 arid 51.  
Trirbul~iii~e intt~risities in frer jet.s can be determined from 
figure 5 2 ,  and the scale of turbulence in jets can be found from 
equat,ions (68) and (69) or figure .53. If the jets are coaxial, 
equations (73)  to (78)  arc recommended for experiment's1 
rorrt4ation of jet size and velocity parameters. Experi- 
mental data on jet penetratiorl and tempcrature dist'ribu- 
tions are vontained in figures 54 to 56. 'ro account for jet 
interartion, equations (84) and (85) and figure 57 are suit- 
able. Orifice coefficients, required to calculate the flow 
through combustion-chamber openings, can be drterminerl 
from figurrs 58 to 60. 

For t h o r c t  ipal backgrouirtl i n  t h e  st utly of diffusion ill  thr. 
combustor, cqiiati'ons (89) to (111) may hv used. Useful 
expressions for instantaneous a d  continuous point sources 
of diffusion are equations (112) to (118). In  addition, table 
I11 contains a large number of equations giving the concen- 
tration at a point for many conditions with point, line, 
plane, surface, and volume sources. For nonisotropic firlds, 
equations (120) to (123) art' availablr. Equations (124) to 

(129) can be used for flow with periodic fluctuat,ions or a 
superimposed velocity fluctuation. 

In  the study of furl-air mixing, fud  droplet impirigemcnt' 
and droplet collection efficiency on flameholders, maximum 
angle of impingement, and velocity of impingement are 
determined from equations (132) and (133) and figures 70 to 
72. Equations (134) to (139) should be used to determine 
the spreading of evaporating fuel droplets from fuel injectors. 
And for the combined spreading of liquid and vapor fuel in 
high-velocity gas streams, equations (140) to (1 47 1 are 
suitable. 
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CHAPTER I11 

IGNITION AND FLAMMABILITY OF HYDROCARBON FUELS 

By FRANK E. BELLES arid C L Y D E  C. SWETT 

INTRODUCTION 

11any physical antl chemical irifliwnces set limits oii 

igtiitioii or flame propagation in  fuel-air mistures. The 
importance of these limits in high-speed combustors is 
witlent; t h y  may give rise to conditions in which the 
niixturc cnnnot be ignited or, if ignited, is incapablc of 
sustiiiiicd huriiitig. 'I'liis c1iaptc.r discusses the experimtmtal 
observations of flame quenching and of the limits of flam- 
mability, flame propagation, and ignition and draws from 
them some insight into the basic mechanisms that set the 
limits. Although most of the results in the literature have 
been obtained for homogeneous mixtures and for single fuels 
rather than multicomponent fuels such as those used in prac- 
tical engines, there are many applications of both the data 
m i d  the ideas to the operating problems of high-speed 
combustors. 

A flammable mixture is defiiied as one capable of propa- 
pnting flanio inclt4nitely away from, and in the absence of, 
a source of ignition. That  is, an ignition source such as an 
electric spark must be provided initially, but a flammable 
mixture will continue to propagate the flame even after tlie 
spark has been turned off, while a nonflammable one will not. 
111 the nonflammable case, emission of light or some other 
evidence of chemical reaction may be observed, but this 
persists only while the ignition source is in operation. 

A flammable mixture of fuel and air may be progressively 
diluted with either constituent until eventually a mixturo 
results that is nonflnmmabl~. The limit of flammability is 
the borderline composition that separates mixtures capable 
of propagating a flame from those that are not. If the 
diluting agent i s  air, the limit mixture. contains too little 
fuel to hc. csuptlhle of sustained flanw propngat ion; and the 
l w r d r r l i i i ~ ~  concwitration is ternietl t h e  lean or lowcv flam- 
mability limit. ('onversely, if the diluting agcwt is fuel, the 
ric*li or upper flammability limit is reached. The flamma- 
Mity limits a t  a particular temprrature and pressure 
obtained in this manner are often called the conccritration 
limits. They may be made independent of any apparatus 
t + f w t s ;  therefore, these limits are physicortieniical constants 
for clad1 fuel. Llixtures of fuel concentrations between the 
I i ~ ~ i i  antl rich limits are said to lie within the flammable 
I'RIIgZC. 

I t  is somi.times ohsc~rvtyl that a flamc. iri a mixture well 
\$. i t  t i i r i  t h v  tlammablc rniigc x i l l  be t~stinguislictl i f  i t  is 
f o i w t l  to propagate through a constriction. The walls are 
isvicltwt Iy ah](, to exert somr rcprcssivr infliiriiw 011 the 
flnrncb. l'tir effect is observable in  Bunscti burners when the 
flow of mixt,ure is suddenly stopped. If the burner tube is 

suficieiitly wid(>, thc flame will flash btick arid proptigtitc 
into the stationnry mixture; wtitwtis. with a sn id l t~r  t ~ h .  
it will be estingrrislicd at tlic port. 'I'tiis efftvt of thr n-:ills 
on flame propagation is termed quenching. I t  is possible 
to determine a minimum diameter or a minimum rectarigular 
opening through n.1iic-h t i  flnmr will t r t i w l ,  tind suc*li :I dinit~ri-  

sioti is a qiwndiing (list tmw. 
Although the walls are able to set limits of flanic propaga- 

tion, these limits are not flammability limits i n  tlie true 
sense, since they are not physicochemical constants of the 
fuel. Rather, the limits are conditioned by the presence of 
walls. 

SYMBOLS 

The following symbols are uscd i r i  this ctinpttlr : 
Avogadro number 
geomet rical factor 
dimerisiorilcss factor, valuc of whic*ti dtlpentfs od>-  

constant 
constall t 
capaci tnncc of 1-ondenser 
specific heat at constant prtwairc' 
diffusion coefficient a t  i io  F antl 1 ntm 
diameter 
qrienc*hing clistariw 
critical slit opening 
w i t  i d  t ubr iliamiit tsr 

tipparetit cncrgj- of acativtitioii 
energy from capacittiiiw 
to td  ignition c.nt~g>- 
cwrgy from induvt u i i w  

crivrgy i i i  line  sour^^^ 

vonstant relating total iiumt)w of reac-t ion t'vm t s 
that oci-ur during pitssagc of ti f l t t m t b  to tiumber 
that must occwr in rcvwtioii zono for ttic flumt. 
to propagatc 

on geometry of quriiching surface 

function of intensity of turt)iilctice, f t  s w  
constall t 
current', amp 
constant 
constant 
awrage r s t r  (.onsttint for rcwtion of iu- t ivt  

inclirc tance 
Iium1)c.r of fuel nioliwrlcs pi'r unit volume 
p rwsu r t' 
universal gas constant 

ptlrtic4es wi t  ti fiic.1 r n o l i v ~ r i l t s  

83 
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r radius 
S electrode SpRCiJlg 
T temperature 
TC equilibrium adiabatic flame temperature 
TO initial mixture temperature 

1 f *  ignition lag 
f, spark duration 
L -, burning velocity 
1 rc gas velocity 
1' voltage 
-u, mole fraction of fuel 
h O l  

K thermal conductivity 

fraction of molecules present in gas phase tha t  
must react for flame to continue to propagate 

w reaction rate 
Subscripts : 
a air 
dr droplet 
min minimum 
r rod 
re in reaction zone 
S sphere 

FLAME QUENCHING 

Before discussing flammability and ignition, i t  is desirable 
to consider flame quenching. This phenomenon affects the 
process of flame propagation, with which flammability is 
concerned, and also that of ignition. The effects of quench- 
ing must either be accounted for or eliminated in the measure- 
ment of limits of flammability and of ignition energies, if 
meaningful interpretations of the data are to be made. I n  
older literature, the importance of flame quenching was not 
understood, with the result that many misleading conclusions 
were reached. 

As stated in the INTRODUCTION, quenching may be 
observed when a Bunsen flame is allowed to flash back into 
the burner tube. This fact serves as the basis for a standard 
means of measuring quenching distance. A flame is estab- 
lished on the burner port, and the mixture flow is then 
suddenly stopped. If the flame flashes back and propagates 
dowrn tlie burner tube, a smaller one is substituted until the 
tube will just permit the flame to propagate. The diameter 
of the tube is thus the quenching distance for the given 
fuel-oxidant mixt ure under the specified conditions of tem- 
perature and pressure. In  practice, a rectangular burner 
with a continuously variable width is often used, to avoid 
the frequent changes of tubes and to improve the precision 
of the measurements. An alternative procedure is to employ 
a fixed burner opening and to change one of the conditions, 
such as pressure or mixture composition, until the condition 
corresponding to  the  specified quenching distance is deter- 
mined. 

Quenching distances may be measured by entirely different 
means from the ones just described. This is possible be- 
pause of the existence of quenching effects in measurements 
of flammability and spark-ignition energies of fuel-oxidant 
mixtures. Before these aspects are discussed, however, 

some of the data on the effects of variables on straightforward 
quenching-tlistance measurements will be presented. 

EFFECTS OF VARIABLES O N  PLAME QUENCHING 

All the experiments described in this section were con- 
ducted with homogeneous mixtures of gaseous or vapor fuel 
and air or some other oxidant. I n  addition, all the quench- 
ing distances were measured by means of the flashback of 
burner flames into quiescent mixtures. 

Geometry of quenching surface.-Reference 1 reports 
quenching distances measured by establishing a flame on a 
burner and then suddenly stopping the mixture flow. The 
flame either flashed back through the burner or was quenched 
a t  the port, depending upon the size of the burner. Various 
cylindrical and rectangular tubes were used. and the fuels 
were methane and propane in air a t  room temperature ancl 
atmospheric pressure. 

The critical tube diameters and critical slit openings for 
flame propagation-that is, the quenching distances-were 
not the same. The critical diameters were larger than the 
critical slit openings. A geometrical factor B may be 
defined as 

B-dL!! dsr,, ( 1 )  

The data of reference 1 show that,  for lean to stoichio- 
metric mixtures, the average value of B is 1.35 for methane- 
air mixtures and 1.45 for propane-air mixtures. Refereiice 2 
extended the study of geometry effects to include annuli 
and rectangular slots of various length-to-width ratios. I t  
was found that a very small centerbody has a large quench- 
ing action in the annular case. 

Hydrocarbon type.-Friedman and Jo tinston have meas- 
ured the quenching distances of mixtures of propane, 
benzene, n-heptane, and isooctane in air by determining the 
smallest opening of a rectangular burner that will permit a 
flame to flash back when the mixture flow is stopped (ref. :3).  
The data are presented in figure 76, where qiienching (Ls- 
tance is plotted against percent stoictiiometric fuel-air ratio. 
The experiments were rurried out at 1-atmosphrw pressurc 
and 213' F anibient tcmprruturr 

Figure 76 shows that mixtures slightly ric1it.r tttari stoidiio- 
metric are able to propegate flame through the riarrowwt 
channels. For lean and stoichiomrtric mixtures, the quench- 
ing distances decrease in the following order: isooctane> 
n-heptane>propanc>bcnzene. Itcftwww :{ notes that this 
order is the same as the order of increasing burning velocities 
for the four compounds. In  the case of rich mixtures, there 
are changes in the order of quenching distances, and i t  is 
not certain that there is any simple relation with burning 
velocity. Although in all ( m e s  the quenching distances are 
small under the c*onctitions of the rxperiment, tliere arc 
considerable percentage differences from fur4 to fuel. For 
example, the quenching distance of a stoictiiometric mixture 
of benzene in air a t  1 atmosphere ancl 212O F is about 80 
percent of that  of a stoichiometric isooctane-air mixture. 

Inert dilaents.-For his work on the effects of inert gases 
on quenching, Friedman (ref. 4) used hydrogen as the fuel 
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1 l : j l l  I ]  1 1 1  1 I 
I j  1 

I ! )  I 1 : l  I 1  
/ / I  

.o I& 40 60 80 100 120 140 160 I80 200 
Hydrogen-oxygen rotio. percent stachiometric 

F I C I . R E  ;;.--E:ffects of varicii.* inert ya.<r> on qiietichiriy di*rancr 
(ref. 4). 

r 7  1 he observed ratios are in het ter agrwmciit wit It  the thermal 
than with the diffusional values. Reference 6 points out, 
h o w v r r ,  that  cwnrlusivc proof is st ill lwkirig, because the 
t t i  w ri iv 21 I Y ~  11 t .  t 1 I ti I I J- q I I i t (b t i p  proxi in t i t  P .  
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I /  

Temperature.-Fricc~iii~iii niitl Joliiiston (ref. 7 )  liiirc 

stuclicd t lie cffcc t s  of t c m p c w  t u r ~  on r ~ u ~ ~ i c l i i n g  clist4inc.c 
Increnscd temperature decwnscs the quenching distance; 
t h a t  is, the flnine is able to pass through smaller 
openings. The results shown in figure 78(a) for propane-air 
misturrs at about 1-atmosphere pressure are consistent with 
the general observation that chemical reactions are pro- 
moted by increase in temperature. The magnitude of the 
temperature effect varies with mixture composition. For 
rich and stoichiornet ric propane-air mistures, quenching 
distalice is tlpprosiniatrly proportionnl to thc -0.5 poi$ t'r 
of the absolute temperature; while for lean mixtures t lie 
esponent increases. 

Pressure.-Friedrtii~rl and Joltliston have also studied t tie 
cffccts of pressure on the quenching clistnrices of propatic-nir 
flames (ref. 7) and of benzene-, n-heptane-, and isooctane-air 
flames (ref. 3). X rectangular burner was employed, as 
previously described. Some of the data of reference 7 are 
presented in figure 78(b). Quenching distance increases as 
pressure decreases; that is, the quenching effect of the walls 
on the flames becomes greater when the pressure is reduced. 
h logarithmic cross plot of the da ta  of figure 78(b) for 

several propane concentrations is sliowi in figure 79. Straight 
lines result, so that the pressure-tlependence of the quenchirig 
distance is of the form 

dsi I ( 3 )  

Reference 7 gave the value of the exponent b for the pro- 
pane concentration corresponding to the minimum quenching 

1 

--r Mixture 
. 

temperature, 

" F  
6 .  . _ ~ -  

( a )  I 

L -  - i  I A J  
.0460 ' 60 160 120 140 160 

Propone-air ratio, percent stochioretric 

(a) Effect of temperature. Pressure, 29.02 inches of mercury absolute. 

distance as 0.91. Reference 3 subsequently showed that t l i c  
pressul.e-depetideiic.~ of the inininium qricmcliing clistancrs of 
benzene-, n-hept,aiie-, atid isooctane-air flames is almost 
identical to that of propane-air flames. Therefore, i t  appears 
that, as a rough approximation for hydrocarbons burniig 
in air, 

3 o c - K -  

.Bo-?-\ -7- . 

FIG[.RE 78.--F,ffect uf tempersture and pressure on quenching distance of propane-air flames (by permission from ref. 7). 
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In the case of propane-air mixtures, however, ttie value of the 
csponrnt of t lie pressure is sliglitly drpcndent on the proptiiic 
t-oiiccnt n i t  ion a i d  inc~reases from lcan to rich mist r i r w  'l ' l i(~ 
effect was noted in reference 8, using tlie data of refcrcnre 7 ,  
wid also in reference 9. The following table shows the vaii- 
at ion of the  pressure-dependence of quenching distance of 
propane-air flames with fuel c~oticeritratioii: 

Stoicliioiiietric Negative I 
fuel-air ratio, ~ exponent of 1 Refcrence 1 

i 1 percent I prrssrire, b 

loo._ .. . . 85 I ' 8  1 
100. -. . . . . . 89 9 ' 110 _._____..___. . 9 1  I 7 
124. . . . . . . .I . 95 9 1  

I 1 9 !  
149 ..__..... .-.I . 9 8  1 

- 
Vsing data of ref i 

'Tile variations in b shown by this table do not appear very 
large, but, as can be seen in figure 79, they are quite apparent 
i n  u logarithmic plot of quenc.Iiiiig distance against prcssurr. 

Oxygen concentrstion.-Ri.fcrcric.c 9 describes the effects 
of pressure on the qurricliiiip distances of flames in various 
proparir-osygrii-iiitrogrii syst enis. The. ni(muremtwts werc 
intide with a variable-widt 11 rectaiigiilar burner over a pres- 
sure range from 2.99 to 29.92 inches of mercury absolute. 
Five oxidant atmospheres were used, containing 17, 21, 30, 
.N, i i r i t l  70 pcrcrnt oxygen by volumr. Ttic r f f w t s  of prcs- 
w r e  on the queiicliing distances of flames in any given oxidant 
11 ('re vrr>- similar to those described in the pre rd ing  scction. 

I i  
t I t 1  
oe--&--l--- 

3 4  6 E IO  20 M 
; . - ;  

Mixture pressure, in Hg abs 

FIGURE 78 -Preysirre-dependence of qirenching dktance of 
propane-air flamer (ref 7 ) .  

0 62 

2 0  30 40 50 60 70 
Oxygen in oxidonl atmosphere, .percenl by volume 

o b 1  ' 

FICI.RF; 80.--I.:ffect u f  osygeii concentration in usitlant o i i  qririicliiiir 
tli.;taiic~s o f  stoicliiometric propaiie-osyKcri-iiitr[!Kcii mixt i i w s  

(ref. 9). 

;it any giwri prcssrirr triicl percrrit stoichionictric proptuir. 
the qucw*hirig distuncc, clc~c~easrtl as t lie oxygen t.oncwit rat ioii 

of tlie oxitlalit iricwasccl. The rffevts are shown graptiicdly 
i n  figure 80, w h t w  data for stoichiometric mixtures ant1 two 
prcssurcs arc prrsc~ntetl. 'I'he clrcwase i n  qucvirliirig tlistaiicr 
with incwwse i r i  thc nnioiint of osygtw in  t t i c  oxittatit t i t  nios- 
ptic~i~c~ is wry rtipitl up to tibout '25 pcrc.c.iit osygc.n (tiii.=?l 
p t ~ i ~ ~ i i t  ) t i i i ( 1  t Iicw lwtmiit~s niow gratlrinl. 

DEAD SPACE 

Wlwn a flame is atljac*cnt to a surfat*(*. t l i c  luniinoirs zoiir 
docs not c x s t c w l  conipl(1trly to the srirfatv. 'I'lirrr is ti  rogioii> 
t tic witlt ti of wliic*lr tlcpcwls on tlic cspvrimrirt til t-oritlit ioiis, 
whwe ttie reactions appear to hr qiieric*licvl 1)y tlic wall. 
The distance from the rnd of ttir lumiiioris zotit~ to thr wdl 
is ralltd tleacl sparr. Tlic tlrutl spat-r ma?. vusity bc otmrvctl, 
for example, by sightilip 11t-i-o~~ t h r  top of a Brinsrn t~iii.rirr: 
the base of the flame corit' is sitriatrd a sniiill tlisttiriw aborc 
t Ii(: burner port. 'f'tius, it is witltwt t h n t  t tie wttll c l i i ( ~ i i ~ ~ l i t ~ s  

the flame rrac*tions in tlie gas acljacriit to it. T t  is thcrr4orr 
logical to c-onsiclrr dcatl spaw in  c*oiirit~*t ion wit Ii  a tlisrus- 
sion of qurridiing tlistariw. 

It, might a t  first apprar that. i f  t l i c  c l i w t l  spncr assocaicitcd 
with t~ flnnict propagntirig t hroupli 11 rrc*tniigrilar d i i i * t  ~ r r t h  

mrusiiretl, t tir (lead spaw slioitld tw cyiiul  to half t tie quciicli- 
iiig clistaiit.t. u r i t l c ~  t l i c  sariit' coritlitioiis. This iiiterprrta- 
tioii is basccl on the idea tliut the  qiwnrliiiig clistancc rorrc- 
sponds to a situation in which t'hc flame has zero width 
because of the merging of the dead spaces associated with 
two rwlls when t8tw walls are t)roriglit sufficitmtly t-losc 



88 REPORT 1 3 0 e S A T I O N A L  ADVISORY COMMITTEE FOR AERONAUTICS 

t oge th r .  TIie facat is, however, that the quelictiing (lis- 
tuiire is r-o~isitlcr~tbly Iiirgcr t l inn  tiric'e the. t l t w l  spac*c (mf. 
1 0 ) .  1'iii.t of tlir cliffrrciic~c~ rnii>- t)c iittrihutul to  tlir facat 
t l i t i t ,  the m t ~ ~ ~ s i i r e m t ~ ~ i t  of (lead space is coitiplic*atctl 1)y 
i i~~cet~taii i ty ILS to ttic boundary of the flattic.. For vsnrnplc, 
in visunl mensiiremeiits, the bouiitiary is (ahoscn us  the 
fartlicst estciit of the lumiiious flame zoiic; O I I  t h r  otlittr 
hand, if ptiot,ographs are taken, the boundary will dmost  
cwtninly ap'pear t.o be iii a sotnewhat c l i f f r w r i t  positioii 
Iwcnusc of t IN.  difft~reiict~s i i i  srrisitivitJ- h r t w w i  t . l i e  o p t i d  
systt'nis of tlic cttnicru. n t i t l  of t tit .  Iiumaii rye. 

i i s i t l c b  from t h c w  expc+rneiital riiicc~taiiitics, liowcvcr. i t  
is still reasoiiable that the queiiching distance between 
parallel walls should not be equal to t,\vi-ice the dead space 
nssocintcct with one wall, beciiuse tlic stinic flame is not 
o1)servcd i n  the t,wo cases. The d e d  space is associated 
with a propagating flame, while the quenching distance, by 
definition, is the smallest opening that will just permit a 
flame to propagate, or, equivalently, the opening that will 
just prevent propagation. Furthermore, i t  has been ob- 
served in corinertio~i with t,he measurement of quencliing 
distalices in circular tubes that above the crit,ical diameter 
the  flame appears to fill the cross sectiou of the tube; a t  
t l ic quencliirig co~idit io~i,  the flame is t.xtiiiguistictl nt ttic 
mouth of t l i r  tube (ref. 8). In other words, there clocs not. 
appear to br any marked diminution iii the size of the 
flt imt> as the  qutwcliirig coiidition is ilpprotrctietl. 

Thus, the dead spact' is a cliaracteristic distance assoc~iat.ett 
with a flttme; it arises through the quenching action of the 
wntls, but it is riot, equivalent to the quenching distance. 

Ttmc have not btbeii man>- experimental studics of dead 
spare. Reference 10 summarizes the work. Qualitatively, 
(lead space rnries with fuel concentration and with pressure 
i n  much the same way as does quenching distance. For 
vsample, the minimum dwtl space occurs in butane-air mix- 
tures that nrci slight,ly richer ttiari stoirliioitietric and incrcascs 
11s tlic! pre~siirc' is tlrcwascti i n s f .  101. 

HOMOGENEOUS QUENCHING 

Thc tlisc~ussioii of clwnctiirig has heretofore twtw c ~ o i i t ~ e r i i e d  

with tlic ctfwts of walls on the flanic. The cfftxcts must 
occur because the walls absorb heat or free-raclical vliaiii 
carriers of the flame reactions, one or both of which must hc~ 
transferred ahrnd of the flame to the uriburiietl gas in sufii- 
cient quantity if t,he flame is to continue propagating ( s w  
ch. IT). Thew corisirlerlLtions suggest the possibility that 
a flame might be quenched by the combustible gas itself. 
Such homogeneous quenching might occur, for example, 
with a flame propagating in a turbulerit mixture. If t h t  
t,urt)iilerit in tensity ww sufficiently high, the clilutioii of t!ic 
flame z o i i ~  u-i t 11 colt1 uii huriird gas might owrwlic~lm t h e  
trarisft~r of I i v i i  t i i i i c l  c-tiairi cnrric.rs from t l i c  buriiiiig zo i i c  t o  
the surroiiiicling frvsti gas, a i d  the llairic would t t i v i i  INS 
cstiiiguislied. 

The situntioii clcwrihccl has rcwivcd oiily limitctl clxpcri- 
mental attention. Iri otic article coiicerniiig this plienom- 
cnon (ref. 11), the spread of flame from a nucleus iri a flowing 
turbulent stream through a tube was stutlicvl. Tht. turbu- 
Icv1c-r WRS pip(* tiirl)ulvrive, i incl  ttic> mistirrc. of 1 ) r o p i ~ i i i ~  j ~ i i ( 1  

air was periodically ignited by a spark arross the full width 
of flow. Inasmuch as there \viis [io ft~inic~liolc~cr, t l i c  flnnic 
t r i iv (~I (~1  tlowistrcaiii witti t l i c  flow aiitl \viis ohscrv(~cI s t r o l w  
swpically. .It t h  limits of flame propagatiuii. t l i v  niisturc 
\\-as ignited at  the sp i~rk ,  but the flamc nucleus tlt~crwsetl i r i  

size arid was finnlly extinguislietl as i t  traversed tlic test 
svctioii. Tlic range of propuiic coiiwiitrutioris owr which 
propagiitirig flames wwcl obtainctl \vas rl(btc,rmiiicd for flow 
wIociti(1s up to 2.50 fret pcxr secoritl. T>-jiiuill c ~ ~ r v c ~ s ~  ob- 
t n i i i t v l  a t  t i  static prwsurc of 30.7 irictics of mcrc-ur!- tit)soltite, 
are shown in figurtt 81, \vI i tw the coiir.cwtrutioii niiigt' of 
propngatioii is stwi to iitirrow witti iiiviwsiirg flow vvlorit?-. 
Ttic lcnii limit of flnme propagatioii r.1iaiigt.s ivss rnpiclly 
than the rich limit w h i  the data tirv plotttd iii twms of 
pwwiit stoic*hiomctric, i i i i ( 1  t lw  two limits t r w l  t o  cwivwpe 
011 t l i c  stoicliiomctric propaiit~ coiirwitralioit. .I l i i ~ > - i i o l t l s  

number of 2000 in these tests corresporitl(d to u flow velocitj- 
of about 12 feet pcr scconcl; therefore, the data apply to the 
turbulent regime. In one series of experiments, a screen 
was iriscrted upstream of the spark; this reduced the turbu- 
lent scalc but had no appreciable effect on the  rniige of 
mixtures capable of propagating flnme at n givw velocity. 
Reference 1 1 offers no conclusive explariatioii of t l i t  behavior 
of t l i c  Iwii-limit curvr at  flow wlocitivs l(ss t l i i i i t  50 f t v t  p ~ r  
srcontl. 

Inasmuch as the turbulenre intensity iiicreuses with in- 
crcmiiig flow velocity, tlic tqerimetits  iiitlicntt. t l i i i t  thc ,  itlcu 
of Iiomogrneous querictiiiig by tlilutioii with II cwinlnistihlt~ 
mixture may have some physical reality. Rcferencc 11 
suggests this mechanism to explain curves similar to those 
of figure 81. 

Gas-phase quenching is also rvportetl i r i  rrbft*rences 12 
and 13. Small flame kernels were photograplied as they 
exparittetl from spark elt>rtroclrs in ti frc.c. turbulent je t .  
The tiirhulerwe was iiicluced h.v grids. Soiiisotropic fic~ltls 
j us t  clowiistrc>am of sufficicxritly largt. grids iricwase(l tlir rut,c 
of kvrrwl Krolvt 11 : t tic. flow propcbrt?- t Iiorigh t iw.poi is i t t l t .  wis 
tlic niiigiiitude of t tie vdocity grntliwts n i t b l  1)y 1 1 1 1 ,  c~xptiiitliii~ 
flame. However, further iiicrtwse i n  the gruclitwts ( ~ u ( ~ i i t ~ l i t d  

- 801;- i I - a / --- - -  
1 Leon limit , , ! , 

0 a I '  I 

400' A%b 40- '-6zhLGO--pl?0 140 ' i 6 d k  
Flow velocity, I t  /sec 

FIGURE 81.-EfTect of flow velocity on limits of flame propagation 
in proparic~-sir mixtures. Static prrwiirr, 30 7 inches of mer- 
riirv ahi i l i i t t .  (rrf. 11). 
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the flame, inclicntiiig nri optmimum grcitlicnt for flame sprencling. 

I S T E R P R E T A T I O S S  OF WALL QIIENCHINC 

111 ortlrr to i t i trrpret  the ot)scw-cd tthility of \valls to q\ i t ) i l c . l i  

flmies in  terms of fuiidarnlwtsl processes, it  is ueccssurj- first 
to decide upoii thr mechanism by wJiicti a flame is prrsrimrtl 
to proptiante, m t l  t h e n  to esaniiiie tlic iiiflurrice of t h e  
presence of walls upon t81iis nicctliniiism. Innsmuc~h a s  n 
flame is n zone of iiitriise cliernical rrnc~tion ac.c-ompiiiiictl t)>- 
the  evolution of Iwat, ant1 the fornintioii of iw\\- pro(1iivts 
froin tlic Iwictiiig fuel nntl air, tlirrc csist steep grdivti ts  of 
teniprrnture aiid coiicc>ntrution from (lie Hunic~ to  t t i v  u ~ i l ~ u r t i c t l  
gas. 

I t  is possible to set up diffcreiitial equations that go\-cwi 
tlie A o \ r  of tirat ai i t l  of viirious inolwulur species that miist 

o(*c.ur as 11 restilt of these grwlic.iits. I n  order to use t l i c  

equations and to obtain solutions by ordinary means, how- 
ever, i t  is necessary to make certain assumptions. This 
matter is discussed in chapter IV. Bt this point, it  may 
suffice to sa?- that ,  although both heat arid matter must, 
flow from the flame because of the gradients that  esist. ant1 
altliough the transfer of bot,h heat and matter are prol)~it)Iy 
esseritinl features of the basic mechanism of flame propnga- 
tiori, i r i  the past one or the other of these two types of truiisfor 
hss been chosen as most important. I n  other words, i n  
order to  make the  basic differential equat,ions nmtwi1)le to 
solution i n  rloscvl form. it has sometimes becw assrimed t l i c i t  
the transfer of litat, from tlie flame to t'he unburned giis is 
the most important, process in flame propagation and t l i u t  
the  diffiision of miittcr is mitch less important. 111 o t l i c . ~ .  
CUSPS, t h e  opposite poiiit of view Iius pcc'n utloptrvl. 111 
either case. the  assumption madr can he justifird in various 
WIys. 

A s  a result of the  considerations tliscussctl, two s(~1iools 
of thought' h ive  arisen concerning the most iniportailt 
mechairism iwponsihlc for flomta propagntioii. One c~mpliii- 
sizrs t l i i i  irnportiinrr of hrut c,oriduction from t h v  hot to  r l i c t  

colt1 pis,  sitice it is laio\vn ttiut chcniic*al rcac.tioii.i (.:iii t i c k  

startcvl niitl  ric~celerntrtl hy an iiicrensr in  tcmpc.rut i ire .  '1'11~ 

I 
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quenrhiiig distclriccs for lean to stoichiometric mixtures could 
be calculated from the resulting equations with surprisingly 
good accuracy. Separate equations were developed for 
two cases: 

(1) The critical diameter for flame propagation in a 
cylindrical tube: 

where d ( Y b c  is the critical tube diameter for propagation 
in a given fuel-air mixture a t  a particular pressure; and pH, 
p, ,  and poH are tlie equilibrium partial pressures of H, 0, 
and OH in flame. 

(2) The minimum witltli of the opening for propagation 
through a revtangulnr slit: 

active particles at  the walls; evidence was shown that these 
facntors need not be considered in correlating propnne qcirrich- 
ing data. 

As a straightforward result of the boundary conditions, 
the diffusional treatment predicts the following value for 
the geometrical factor B: 

Equations (;i) arid (6) were usrtl to make absoliitc c.t~lcula- 
t ions of qiienc~liiiig clistanc*cs for propunr-ilir rnistiircbs ovcr a 
range of coiicriitratiolis from lcaii to stoic*liionictric and pres- 
siires less than 1 atmosptierr. and for stoicliiometric ethene- 
nir niitl isoovtuiic-nir niisttirrs in  u siniiltir prvssurr miigv 

( i y ) f .  8‘1, ,111 qtiuiit i t i c k s  in t l i c  i y t [ t t t i r j r i . :  u ~ i ~ r i ~  c ~ a l v i r l t l t m l  or 
t~stimntcd, cw*cpt t l i r  coi lstunts uiril /i,<,.. It I Y ~ S  f o u i i t l  

that C n D ,  could be approximated by t l i v  lcnn cviric-cwtrutior~ 
lirnit of flammul)ility measured at iitmosplieric pressure, 
arid that a suitable value of k., could Le tl(~rivtt1 from burning- 
vclocitp data. Tlirse cwistants liavc spwifc valucs for R 

givrn fuel anti oxidant ; therefore, a separate expcrimerital 
value for the ca ld t l t ion  of qurnchiiig tlistariw a t  cclcli con- 
dition is not required. It will be recalled that the theory 
of referciic:e 14 rcqriirrs a valuc of thc burning velocity for 
c i w h  coiitlitiori at w1iic-h an nl)solutr calcdation of qurnching 
clis t i i i ic-1,  is mutlr. Ttiv ttgrwmi.rit h t w c v r i  ol,sc.rvcd i i i i t l  

c . a l c r i : a t c ~ t l  q\irric.liirig c1istrtlicv.s sliowii i i i  r d v r i ~ r i c . i ~  S ~ Y A S  

qiiitr strikilig, witl i  nii nverngc dilfmvirt. of pcwwit. 
Tlir ngreemerit was prol)al)ly iri soniv dcyrcc: fort riitoiis, 

tli.pSiiiliiig in  part oii ttie ctioicr of t t i v  t l i l f i i s i i m  cw4fic.icwls 
and the choice of t tic temperature-dcpcntlriii~c of the diffusion 
c~oi~fEcieri ts.  

IIowcwv, rciuatioIis ( 5 )  arid (6) may I)c uswl to (:orrelate 
t~ii( . i ic.hirip-clisttrrii . i l  (lata if  t t i c .  rutio ~ ~ ~ ~ / k ~ ~  is Irft us  H I I  

diube=[ (298)zLyj 32T; (?:) (-7-x)]” I (5)  e+-+- 
DH Do DOH 

( t a f f l  \LA/ 

This result is in agreement with experiment. Reference 2 
extends the ideas and shows how to calculate the geometrical 
factors for annuli, equilateral triangles, ellipses, and rec- 
tangular slots of various length-to-width ratios. Quencliing 
data obtained for some of the geometries correspond very 
well to predicted behavior. One striking result of both 
tlieory arid experiment is that a very small annular center- 
body may have a severe queiichiIig effect. 

Using the diffusional treatmerlt of reference 8 as a basis. 
referrrice 16 presents a thermal equation for quenching dis- 
tarice. The equation was derived by changing the first 
assumption of reference 8-namely, that in order for a flame 
to propagate the number of reaction events per uni t  volume 
that occur in the  gas ahead of tlir flame must be above some 
miriirrium value. The authors of reference 16 nssunietl in-  
Steal1 that the necessary number of reaction events is a con- 
9 t u i i t  fraction E’ of t h v  total number of events per unit 
volunw that ~ iorn in l l~  occur during passage o f  it A ame. Ttir 
folloniirg t q i i i i t  ion was obtailiivl : 

~ (3)  d?= F - ,/ YIP.,,-Y, 

whvro d is IL diriiriisiorilPss factor, the value of wliic~h tlepe~itls 
oiilj- on the gtwnrtry of the quencliirig surface and is t l i r  
s s r w  ub for  tlic cliffusiorial treatment, and c,,,,~ is the lieat 
capacity of the mixture in the reaction zone. . The importniit 
fiwturr of equation (8) is that the form of the reaction-rate 
tvrni w nwd riot be spc4fiid. Two spwific forms of ratti- 
coritrolliiip rrurtions were t rs tcd i r i  refweiicc I f ) :  (1) rractiori 
l i o t  \ v t ~ i ~ i i  iic-tivc’ p n r t i r l t ~  a r i c l  f i i c l  niolcc-iilos, t i l i d  (1 1 rcbnc- t  ion 
I)catwc.cvii o y  gt’ri molccu1t.s arid furl moleculm 

Sow,  tlrr cliffusionnl equations of refrrcnc~e 8 do not corre- 
I i i t o  q i i i ~ i i c ~ l i i i i g  (lata for niixturcs n iwh  riclier tliali stoicliio- 
mc.tric. But the thermal equation ( 8 ) ,  with assumption ( 2 )  
as to thc rate-controlling reaction, does correlate both lean 
i d  ridi (lata. From this standpoint, equation (8) is very 
u \ i ~ f i i I ,  uriil is nri iniprovcbrricrlt o r i  t I t ( .  rqun t ions of refcrence 

C p . r t W  

B = r = (  dt,,b, 32 G) li =1.64 ( i )  
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8 .  Hoivcvrr. i l l  the work on effects of diluerits (ref. 6) ,  the 
twst agrtbcb*ncwt t)cta.wri obscrvetl aricl prcdictctl ratios of 
queiictii~ig clistuiicrs was obtained with the thermal cquntion 
plus t h e  wsuinption that the reaction of active particles antl 
fuel is rate-controlling. 

Thus, 110 completely satisfactory single treatment of 
quericliing distance has yet been advanced. References 8 
arid 16 provide useful equations, and the conditions for which 
they apply have been described. However, all the aiialyses 
of flame quenching have not answered the important basic 
quest ion : Does hydrocarbon Annie propagation dc~ptwcl 
mainly on niass or heat transferY 111 view of the partial 
success of both ideas, it  is probably true that both meclia- 
nisms w e  important. 

QUENCHING IN FLAMMABILITY A N D  SPARK-IGNITION MEASUREMENTS 

It was stated a t  the beginning of the discussion of quench- 
ing that measurements of flammability and spark-ignition 
energy may be affected by quenching. Therefore, i t  is some- 
times possible to determine quenching distances from such 
measurements. The  way these effects appear will now be 
shown briefly. 

Flammability measurements.-The concentration limits 
of flammability are, if measured properly, true physico- 
chemical constants for each fuel. Limits of this type are 
discussed in the next main section. Determination of these 
limits has generally been limited to work at atmospheric 

pressure. However, some work lias been done at lower 
prt~ssurcs. l l o s t  of t tic ot)s(wratioris at  reduced pressures 
indicate that the Ican and rich limits of homogeneous 1111s- 
tures progressively converge and finally meet a t  some pres- 
sure below which no flame will propagate. Most of the older 
literature on low-pressure limits should be regarded critically. 
I n  most cases, insufficient cognizance was taken of the effects 
of the size of the test vessel antl the need for a powerful 
ignition source. Thus, many of the limits recortlrd are 
actually ignition limits for the partiwlur source used. or 
are the result of quciiching by the walls. For rxumplc. i t  
was believed that mixtures of ordinary hvtlrocarbon fuels 
in air could not sustain flame propagation below a prrssure 
of about 1.2 inches nierc"y; it is now kriown that this rniiii- 
mum pressure is actiiul1)- set by c~iicnoliirip due to  thc 15 :ills 
of the usual 2-inch-diameter tubes used in the experiments. 
The minimum pressure is lowered if larger tubes are used. 
Another difficulty in measuring limits at pressures other than 
atmospheric is the need to maintain the pressure constant 
during the propagation of the flame. 

Recent work has avoided these difficulties and has clarified 
the meaning of the limits at reduced pressures (ref. 8). Care 
was taken to eliminate any effects of the ignition source, 
and the flame tubes were connected to a large plenum so 
that the flames propagated a t  essentially constant pressure. 
The limits were measurcd for homogeneous fuel-air mistiires 
iu flame tubes of several diameters. Typical results for 
propane-air are shown in figure 52 (from ref. 8). The lean- 
limit concentration is lower for the larger tubes, as is the 
minimum pressure for flame propagation. Tlie rich limit, 
although not shown in figure 82. also iiirrcases with increas- 
ing tube diameter. Therefore, the flammable range a t  a 
given pressure is wider for thr larger tutws. 
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Siiicr the dinnii>trr of ( t i c  flninr tube nffwts thc results. 
it is c\-itIciit t l i n t  ttiese limits ttrv iiot true flnrnmnhility 
limits: t l in t  is, they tire not pliysico-cliemicnl coiistniits 
of the fuel. They are better termed limits of Aamc propn- 
gntiori a t  reduced pressures. The behavior of the  data 
suggests that tlie limits are set by quenchiiig action of t l i c  
tubr anlls; and, in order to test this idea, logsritliinic cross 
plots of tlir (tats of figure 83 wcrr made at roiistniit proptiiic 
c-oiireiitrutioiis 011 tlit' lean sitlr of stoicliiornrtric (fig. 83). 

Friedman s i i t l  Joliiiston (ref 73 measured quenchiip dis- 
tauces for propaiicwir fltimes i n  terms of tlie criticnl width 
of a rectangular slit that would allow flashback of a Bunsen 
flame when the mixture flow was reduced. Some of their 
data are ttlso shown i n  figure 83; the  critical slit n-iclths nrc 
multiplied by aii empirical factor of 1.4 to account for the 
geometrical differences between the experiments. Figure 
83 shows that  the two types of da ta  nearly coincide. There- 
fore, i t  is concluded that the measured pressure limit of 
flame propagation of a given mixture in a tube of a partic- 
ular size is actusllv a measurement of the critical dinmeter, 
or quenching distance, for flame propagation in the mist ure 
ttt the pressure of the limit (ref. 8). 
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FIGLRE 84.--Effect of J arying zpark-gap lcngtli on u ~ i i i i i n u ~ ~ i  qlarh- 
ignition energy of 8 5 percent by volume mixture of natural ga5 
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FIGURE 85.-Effect of electrode configuration and electrode spacina 
on minimum spark-ignition energy of flowing 5.2 percent by 
volume mixture of propane in air. Long-duration (600 microsec) 
capacitance spark; pressure, 3 inches of mercury abqolute; tem- 
perature, 80" F (ref. 18). 

Spark-ignition-en;ergy measurements.-Spark-ipnitioii 
energy is measured by determining the minimum amourit of 
energy that must be dissipated in the gap between two 
electrodes in order to produce a flame. For a given temprr- 
iiture, pressure, i i i id  fucl-iiir mixture, this energy dcptlricls 
upon the length of the gap (refs. 17. and 18). Typical re- 
sults are sliown in figure s4 for nut i i rd  gas at 1-at'mosplirre 
pressure and in figure 85 for propane a t  3 iriclics of mercury 
absolutr. It, slioultl br noted thtit, rcgardless of t h e  rlrc- 
t,rode geometry, tlic ("TCS cxoiivergc at some niinimiini 
ignition cwcrgy 11s the &catrotl(b gnp is iricwased from low 
vnlucs. Tlici niost striking ciiirv(' is t l i ~  ant' s1ion.n i n  f i g i t r ~  
84 for fluiipcd eler-trodcs. T h  niiiiimum spurk-ignitioii 
eiirrg? iiicrtwsw Ivi th  c b s t r c m c s  ixpi~lit>- i f  t l i c b  vlt~c.trotlrs 
are 18loscr t h t n  ~ t l ) o ~ i t ,  0.08 i i i v t i .  111 oihw W ~ ~ I Y I S ,  tlrc flinivrtl 
t~lt~c~trocirs I i i i w  t lw cft'(\t .t  of 5iipprtGiig igiiii ion t i 1 t i y i - t  Iivr 
if thv gap is I c w  t l i t tn  sonip cri t i td w i d t l i .  

The function of t l w  igiiitioii spnrk is 10 supply tlie c'liergy 
required t o  iuitiatv the c*licmicnl reactions of a self- 
propapLtiiig Harric~. Froni t l i t .  pi~t~c~tdiiip tliscwssiori of \vu11 
quciicliiiig, i t  is w i t l v i i t  t licit (I fltiiric vannot propagate 
througli t l i c  K ( I ~  fornwtl by tlic tiiingcd c4rc~troclw if  t l i t x  

tlistaiicc is lms t h i i r i  tlit, qurrit.Iiing tlistanct. Consequently, 
i f  ttic gap is Itbss  tliuii t l i v  q i i~idi ing rlistaiice, tlir mixture 
cannot hr igiiittvl rtyardlcss of t h e  amourit of ciicrgy 
si1 pplitvl. 

I I I  t l i v  tywriiiitwts wit11 iiiilluiipc~l c ~ l t ~ c ~ t i ~ o t l c ~ s .  t h t .  q w i i ( ~ l i -  

iiig clistaritv~ is iiot so uc4l tlrfirtcd ; iiic.ri~isiiig t l i c  r i it~gy 
supplircl to  t l w  piip o v t ~ p o w c ~ s  t l i c  qwiic*tiirip c4ftvts, aiitl a 
proptigat irig f l r i r r i t b  OH 11 hi. thtaintvl. Howwc\r, i t  is sigiiifi- 
cant that,, i i i  figure 84, tlie st,art, of tlie rising portioii of the 
rurvc ohttiintd wit 11 iiriflnrigtvl drctrocltss r o i n d e s  wit 11 the 
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vpssrl i n  whicli the flame is o1)serve.d should be at least 2 
iiicahrs in tlianwter for observnt ions at  atmosphric pressure. 
It, should also be long enough (4 ft)  to allow the observer to 
judge whether the mixture is truly capable of propagatillg a 
flame indefinitely away from the ignition source. A glass 
tube of these dimensions is a suitable vessel. The ignition 
end of the tube should be open during the test to avoid a 
change in pressure. 

Finally, it, is important to specify the direction of flame 
propagation. Sinw it may bc stated as a rough approsima- 
tion that, a flame cannot propagate downward in  a mixture 
if the convection current it. produces is faster than the speed 
of the flame, the limits for upward propagatiori are usually 
slightly wider than for downward or horizontal propapnt ion. 
The experimental results discussed are limited to those 
obtained with upward propagation and subject to the pre- 
cautions described, unless otherwise noted. In  addition, 
only concentration limit,s of flammability at atmospheric 
pressure are discussed ; the effect.# of pressure are ronsideretl 
in a subseqnent, section. 

Hydrocarbon type.-The flamniability limits of various 
hydrocarbon types in air at  atmospheric pressure and room 
temperature are listed in table V (ref. 19). For the com- 
parison shown in this table, the limits are expressed in terms 
of the percent of stoichiometric fuel-air ratio (by weight). 

.Iltliough the results of table V indicate no striking effects 
of li>-drocarbon type (above propane and propene) on the 
lean flammability limits, considerable variation among the 
rich limits is apparent. Among the saturated compounds 
(normal arid isopnraffins), tlie rich limit tends to increase 
with molecular wvcigtit8. Since the lean limits are about 
the same for a11 the fuels, t l i r  rnnge of flnmmability increases 
with molerrilar weight. Ranges of flammability ralculated 
from tlir data of tablc T’ arc plotted to show this increase 
grapliicxlly i n  figrirt, 8;. A mow conipletr sct of data 
(wf. 3)) intlicatc.3 that t tic 1lnrninut)lc rnngr for normal 
pnruffins passes ttrrorigli a niaximum ut  /~-lit~ptane anti (it .-  

(wases to n-tlec.ane. However, these (lata (ref. 20) are less 
nccurutc than those of table V because the work was tlonti 
;It rctliictvl prc~ssrires, umd rstriipolations must b e  matlc t o  
tbstiinute t l i v  limits ut  1-ntniospherp prrssurtl. In spitc of 
t h e  extrapolations, it is bclieved that the proper trends arr  
iiitlicatctl. 

Thc  t)rniic,licltl-c.liain hydrocarbons (isoparaffins) have 
somcwliat wiallw fliinima\)lc rnngcs thaii t l i c  c~orrcspontliiig 
straigIit-c*liairi furls (fig. 87) .  

Among the  three monoolrfiris listrtl in table V, etheiic. 
stands out lwc*aiise of its cxtremely wide range of flamma- 
l)ility (45.8 to 676 ptwciit stoirliionictric). The results for 
propt~ii(~ aiitl 1 - b u t c r i t ~  arc’ siniilnr to those for the correspoiirl- 
iiig s)i t iirn t cvl wnipountls. Figiirv 87 vmpliasizi~s t l i c  uiionia- 
loiis r i n t r ~ w  of t ~ t l i ( ~ i r t ~ .  

h>- m ( w s  of the (lata of wfrrcww 20, wo~ilcl show that t tw 
flrtmnithlr mngc in(was,s rapidly from propctic to ~-hcsciw, 
~incl then I~~vrls  off through 1-dcccrir. 

A i i  vstvirsiori of t l i c  v 

Fin1 R E  87.--F:Hrct o f  I i ~ d r i ) c a r t ~ o ~ i  typr O I I  flaintneble rarigc of pure 
fuels (ref. 19).  
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TABLE VI.-TYPIC..\I, DISTIT,I,i\TION D.4T.i FOIt AIRCRAFT FC'E:I,S (Ref. 21) 

evaporated I 
I AN-F-48, 

100/130 I 
11 IIr F-5624.1 -i 3IIL-F- 

5616, JP-1 I JP-3 JP-4 1 

105 ! 338 1 113 
' 

141 362 IB!) I 218 
162 i 36G ~ 1!)8 ' 2.i.i 

225 ' 303 1 32-1 i 4  1 
236 404 388 , 1T.5 

5ti 1 

The dat,a for aromatic compounds are incomplete. The 
flammable range for benzene is smaller than that for a six- 
carbon-atom branched-chain fuel. 

The flammability limits for cycloparaffins are not, included 
in table V, but  reference 19 shows them to be very similar 
to the limits of normal paraffins with the same number of 
carbon atoms. 

Petroleum fuels.-The discussion t'hus far lias been con- 
cernrd with t,he flammability limits of pure lij-drocarbons. 
On the other hand, practical aircraft futlls are complex mix- 
tures of many hydrocarbons, each with its own effect on ttie 
limits of thr mixed fuel. The limits of such fuels, however, 
ma>- be measured in tlie manner previously tlescribrd, i f  the 
apparatus is maintained a t  a temperature high enough to 
keep all constituents in the vapor phase. 

Inspection of the data in table VI (ref. 21) shows that, in 
order to obtain a consistent set of flammability limit,s for 
the four fuels, the limits of all would have to be deterniined 
a t  n rat hcr  high temprraturc. Pcrliups the closrst approach 
to t l i r  i qu i r ed  conditions is fourid in oxprriments rc.ported 
in refrrericc 22. The limits determined a t  300' F ant1 nt- 
mosplirric pressure for tlirw fuels are listed in table VII. 
Thr  datu of reference 22 wrrt: wportcd only in terms of 
furl-air ratios; in  ortlcr to rspress the limits i n  volumr- 
percent fuel vapor in air, it  was necessary to est'imate some 
average molecular weight for each furl. This was donr bj- 

T.4BLE VII.-FLAJI.\IABILITT LIJlITS OF AIRCRAFT FUELS 
.4T 300' F 

I 
- . ~~ - ____ ~ ~ 

~ ' Fuel-air ratio = 

' Lsati Rich I Lvaii 1 Rich 

Flarnmabil it y I i.1. i t s 

I 

Volrirmc percent b 
-- 

~ 

Fuel 
1-- 

i 

-_ ~_ . 

100;130 ga5oline.. . - !  0. 041 0. 27 i I .  17 I 7. 27 
JP-I.. ~ . ~ .  . ~~ - - ~  , 0 3 7  ~ .31  1 . 7 1  ~ 5. ti.5 
JP-3.. ~ ~ ~ ..... i . 037 1 . 30 j . !)3 j 7. OS 

1 
Ref. 22. b Estlmated. 

the methods described in reference 20, with the following 
results: average molecular weight of 100/130 grade gasoline, 
100; JP-1, 150; JP-3, 114. Assuming that the fuels are 
mainly composed of paraffin hyclrocarbons, these niolrcular 
weights correspond approximately to Iieptane, tlecanp, antl 
octane, rcspcctivrly. The limits for tlicsr compountls (table 
V) compare fairly well with tlir limits in table YII, considcr- 
ing the approximations antl the tlifftwnces in temperature 
involved. I t  seems tlrfiriite, from tlicse untl other data, that 
the flammable raiigr of aircraft furls complrtdy vaporized 
arid mixed with air is about 1 to 7 prrcrnt by voluinr. 

If multicomponent liquid fuels are not completely vapor- 
ized, quit,e different results may be obtuirirtl. Thus, if tlie 
tests are carried out at low temperatures and only purt of 
the liquid sample is vaporized, the vapors will be roinposrd 
mainly of the lower-boiling constituents. Xlisturrs of tliese 
vapors with air may be prepared and tlir limits determined 
in thr maiinrr previously tlrsrrit)rtl. Both lean ni i t l  rich 
limits slioriltl lie a t  tiiglitr ('oritwit rutioiis ivolunic pcrcwit) 
thari i f  ttic riitirr saniple wcrr vaporizrtl, bcrausc ttic limits 
of t l i r  lighter liydrocurbons brlittvr iii  this in~i i i i r r  ( t t i l ) l r  
Y). This rspertation is verifirtl t)>- rspcrimriit ; the  l o w r  the 
tcmpcratrire (nntl, liciirr, t h v  smullcr the fraction of liquid 
f w l  that srrvrs as tlic sour('c of w p o r  for ninkiiig furl-air 
mixtures), the liiglier the concentrutioiis of the limits (ref. 2 2 ) .  

I t  is rvitltwt that the history of uii aircraft furl J I R S  ti11 

rffrct on its limits of flammability. For rxample, a fuel 
containing quantities of volatilr Iiytlrorarbons may bc 
stored under conditions that pcrmit tlicir gradual cscapr, 
antl tlie limits will be more antl morr controlled by tlir lieuvier 
rompouncls. Conscqurntly, i t  is tlifficult to prrtlict the 
flammability of a given samplr. arid even more difficult to 
obtain reproducible results i f  tlir supply of fuel vapor is 
obtained from, for cwmplr,  tlir first 10 prrcrnt of t l ir liquicl 
to cvaporutc.. 

The precwling cliscussioii rvfers to unsaturated vapor-air 
mixturcs. If a liquid furl un:I 11s vapors are allowed to come 
to rquilibrium in a volume of air, so that the air is saturated 
a t  the given temperature, the temperature itself sets the lean 
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E'IC;IRO S!).-Efect uf  tiitrogeii dilution o n  It7ait flntilrnalliiity l i i r t i t s  
of tetralin mist.; (ref. % I .  

of these three gascis: c w h i  dioxide > nitrogcsii > argon. Fur 
example, the miriimuni perc.riitupt3 of osypii tliut will pcrrnit 
f l ~ n i e  propagation i i i  mixtures of r n c b t  1 i : l i ~ t ~ .  tiir. r \ ~ i t l  c.tirhori 

diositle is 14.6 percent by volume; if tiitrogcii is ttic dilurtit, 
more is required to reduce the osygcti to 12.1 pbrr(%tit :  nr l t l ,  
in the case of argon, still more is nertlcct to reduce the oxygen 
to 6.8 perceiit (ref. 19, p. 49). 

Other types of diluent are far more effevtive than the i w r t  
gases. Certain halogen-containing organic compotlnds. in 
particular, have very.powerfu1 effects. Figure 90 is a plot 
of the lean and rich limits of flammability of gasolirie in 
atmospheres of air plus several diluents. The compositions 
given arc volumc pcwrntagrs of the total mixture. Methyl 
broniide and clilorobro~~~omethnrlr (rof .  2 7 )  are m i i c 4 1  niorc 
effective cxtiiiguisharits than riitrogrri, cs4aust gas, or carbon 
dioxide (rrf. 5, p. 764); that is, smul1t.r conwritrations Are 
requirrd to prevent flame propagatiori i n  any rriisturc. of 
gasoline vapor and air. References 28 mid 29 contain 
thorough discussions of this subject. 

Since the halogenated compounds are i n  an  cntirely 
different class of efficacy from the other threc gases sliown in 
figiirc 00, i t  is hi4iovcvl t l i i i t  t h ~ y  t k w r t  t h c h i r  r~stirlrtivc~ clrtion 

by interfering with the chemical reactions of flarne prOpagR- 
tion, rather than by absorbing heat or diluting the misturr.  

Figure 90 also shows that ttie rich limits are inore sensitive 
to diluents than the lean limits. For cxample, a s  much as 
15 percent added nitrogen has no appreciable effect on the 
lean side of the curve but reduces the rich limit from 7 4 to 
5.4 volume-percent gasoline vapor. 

Temperature,- In  view of tlir nwelrrating effwt of  
increased temperature on c*hemiral reactions, i t  is reasonable 
to expect that the limits of flammability should be hoadmrt l  
if the temperature is iiicreasetl. That is, the lean limit 
should lie at a lower concentration, and the rich limit at o 
higher one. This is experimentally found to be ttie case. 
Tlir limits change liiiearl? with trmpwaturc. For esaniple, 

FIGURE YO.-EBect of diluents on flamtitat~ility limits of gasoline 
'ref.;. 5 arid 27) 
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the  lean limit of It-pentane decreased from 1.53 volume per- 
cent at roo~n tenipernturc to 1.22 percent a t  5 i O o  F, so that 
the lean limit decreased at  B rate of about 6.1 X lo-& volume 
percent per O F. The rich limit increased a t  a higher rnte. 
approsimate1)- 17X 10-4 volume percent per O F (ref. 19, p. 
63).  These data were obtaiiied with clo~vnwartl flame 
propagation, bu t  upward propagation leads to analogous 
results (ref. 20). The figures quoted for It-pentane appear 
to be clinractt,ristic of otticr hydrocarboii furls. Thus, 
increases in  t h e  trmpera ture of homogeneous hytlrocarl)oii- 
air mixtrucs produce witlc.necl limits of flurnniabilitj-; h o ~ - -  
ever, the effects are relatively small. 

Velocity and turbulence.-lfost of the flammability-liniit 
studies tliscusscd previously have been conwrnetl with 
quitwent. Iiomogencous niisturcs. Information on t h e  
flammability limits of flowing streams of mivt’ure is of con- 
siderable prnctical interest, but very few such observations 
have been made. I t  is known that mixtures may be circu- 
lated slowly through a flame tube by means of a fan in an 
external bypass witliout an?- effect on the limits (ref. 30). 
This observation cannot be considered to apply to the fast 
streams in high-speed combustors. 

A flame burning in a laminar stream caniiot propagate 
upstrenm against iiormnl components of the flow velocity 
greater than the laminar burning velocity; in this sense, such 
ii strcani might he noiiflnitinis1)lr. If ttic stiscam is turbu-  
l w t ,  tlie over-all buriiing rate is incwascd, as describrcl i n  
cliapter 11-, and the  flame may bp able to propagate. Tliere- 
fore. i t  appears that the effects of vdocity i n  laminar streanis 
t i i ~  of littlr pructicbol \ -due*.  Tliv c ~ f w t s  of t u r t ~ u l c n c ~ ~  u i t l  

of velocity i i i  turbulent streams arc the, important ones, 
because ttie flow in practical combustors is invariably 
trirbrilent nntl  has a mean velocitj- greater than ttie laminar 
buiming vrlocity. 

Orily a fcw cspwinients have been made to elucidate the 
c>ffwts of turt)ulcnce 011 the limits. The lean limits of 
m e t l i u i i v  c i i d  ctliniic are somewhat cxtentled by a suitable 
oniount of turbulence produced by a fan or by stream 
vclocit>- ; tliat is, flamrs will propagate in tu r tde i i t  niisturcs 
tliat tire’ 100 1 c w n  to sustain propngntion in the  quiescent 
c u i d i t i o i i  i r r f .  19).  Ho\vrvt\r, tlic turhul(wc~c \vas iiot 
cliaractc~rizcd; arid, in the case of the niisturcs stirrcd by a 
f i u i ,  i t  is possiblta that  true turl)ulence-tliat is, c,ompletelJ- 
raiidom tlisturbanc.cs-niay not have existed. An opposite 
c+€wt \vas fouiitl for propane-air mixtures ii i  a differcnt 
c~spt~rinicrit. In this cxperiment, an axial rotor (is long as 
t l i r b  fltinie tube \vas rotated at  vtirious speeds. Ahovr 850 
rpm, tlie lean h i i t  was marked?; narrowed (ref. 31); no 
at t rmpt was made to charactcrizr the tiir1)ulciice. 

A moro mraningful c~sperirnrrit is the oiic tlesc*rit)rcl in 
i~cftnrorirc 11 antl tliscarisscd prc-vioitsly i r i  counoc~tion witti 
t i c , i r i o ~ i , i i c . o i i s  (iiivtitatiitig. l r i  t l i i i t  v t i s c b ,  t t i v  ratig:c~ of fiic.1 

~ Y ) I I I Y ~ I ~ ~ I X  t ioiis (~iipal)l(~ of pro1)iig:iting 11 flciriic was nnrro~ved 
1,- aii ir icwusc~ in flow vcloc-ity. At flow vcloc*ities Iwtwwti 12 
i i t i t l  ;io f c s o t  iwr src~oiitl, lio~vevor, tlic h i t i  limit was cxtcwlrtl. 
In the esperimetit of reference 1 t ,  the flow tlisturbanccs were 
due to pipe turbulence; it is believed that the fluctuations 
i w r ~  niorc likely to I)c raiitlom arid thus constitute true 
titrhidrii~c tl iuii  in  c.sp(’rirncrits rmployirig frins or rotors. 

IZ(~fl~r~t’ri(*c~ I \  + i z p ~ t ~  that t h v  nnrrowinq of the. l imits  with 

increase in velocity may be due to the  fact that turbulcnt 
intensity also incrcnscs, so t l iat  tlicl flame zone is more 
tlilutetl with cold unburiicd rnisture. However, a differelit 
interpretation is also possiblc. Karlovitz has o1)srrved ttie 
stability of turbulent burner flames stabilized on the burner 
port bj- a small aiinulor pilot flame (ref. 32). At suffi- 
ciently high flow velocities, broken-off flames were obtained 
such that a flame burning in one part of the c.on?l)iistil)lc mis- 
turr woiild not propagate tlirortgh the misture. Tlie situ- 
iitioii is roughly similar to tlie cxpwimcnt of rcfcrc,iic.c 11. 
Tlie tq)laiitition given i t 1  rcfcreric-e :E is t l i c i t  flume propigti- 
tion is arrested by the liigli vrlocity gradients across the 
flnme front,. 

I t  is not yckt possiblc to t l r ~ i w  dc6nite coiic4rrsioiis nboiit tlie 
 CY- t s of v cloc i t y 11 t i t l t u L’ t ) 11 IC I i e-c o I i t Ii (1 I I :I II  i ma bi 1 i t  y 1 i I I  1 i t  s. 
Yarious observers have reported coritrudictory results; it 
ma>- be that a suitable type of turbulence broaclens the 
limits up to a certain level of turbulent intensities and nar- 
rows the limits a t  liiglier intensities. In  view of the work of 
reference 11, it is tentntivtdy sugg-ester1 that,  in high-speed 
combustors employing Iiomogeiieous furl-air mist tires, t tic 
flammable range of liomogeneous mixtures is reduced by  
increase in vcloci tj- antl trirhrilc.nce. I t  woultl, I io~vcvi~r ,  be 
utisafc to apply this idea to Iietcrogencous mixtures. 

EFFECTS OF VARIABLES ON FLAMMABILITY LIMITS AT NONA?MMOSPHERIC 
PRESSURES 

All tlie flanimnbility limits tliscrissetl thus far liavc becn n t  
atmospheric pressure. INSS tr-ot!i has t)etvi cnrrietl out a t  
prcssrirrs nl)ove nntl I)clow 1 a tniosplicw.. Tlic hclinvior of 
tlie limits tit elevated pressurrs is sotiirwliiit sitrprisiiig aiitl 

lias not I)een completclJ- csplaincd. For the simple hydro- 
carbons, cthane, propcine, I)utaiiv, ant1 pcwtanc. i t  uppcnrs 
that t h c  ricali limits c.stri iel  1iticiii.ly \vi[ Ii increasing prcssiirt~ 
a t  n rnte of about 0.13 volunic. pcrwrit per i itniosplitw iii- 
c w n s r t l  pressure ahow utniosplic~iir. Thv 1 w i i  limits, oti t t i c .  

otlicr liantl, nre iit first c s t v i i d w l  sliglitly, I ) i i t  Iwtn-wn 1.:; 
arid ’7.5 citniosptitws ttiry piss through i i  n i i t i i n i i t n i  cwtiwii- 

trat ion arid tlirrcnftc\r n:i i ~ o i i - t x (  I :is p i r + i t  1 ~ 1 ’  is  I I I ( * I ~ I W V I  I 
t o  t i  citnlospllcrt~s irc’f. In.  1’. 3ii. 

For ftiimniihility limits ; i t  t ~ ~ v l i 1 1 ~ ~ 1 1  i i r t - . ~ i i i ~ o ~ .  1i11).r of t i i t ,  

olclcr work iiitlic*ntcd t l i i i t  [ I I I ’  ric.li : i i i i I  l t ~ : i i i  l i i i i i t r i  ( ~ i i i v c ~ r g c ~  
as t l i c .  prrssurc is retluc~vl I i r i t i l  :I p i  i i rc~  is I ~ I ~ ~ I ~ ~ I ~ Y ~  l,oIoi\- 
wtiirli no flame can prop:ig:itv (wf .  I!), 1). ;{’). I I c n v i ~ v o ~ ~ .  a s  
pointed out i n  t h e 1  dixwssioii of t ~ i i ( ~ t i ~ ~ l i i i i g ,  i t  li:ii I ~ c w i  f o i i t i ( l  

tlint this hditivior is t l u v  to w:ill ( l i i ( L i i ( . l i i i i f i  I)!. t I i t 5  t i i i ) c s  i i i  

which t l i c  cisprriiiiciits iirr c w i i t l i i r t c v l  ( t .vf .  x 1 .  Tlic l i i i i i t i  
are actually 11s wide a t  low prtwsr~r~c as tit 1 utltiosplwc, 
provitletl tlic tube is sufficic~titly v-i(lv, an(1 provitlrcl an  igrii- 
tion sourre can bc found t t in t  will igriitc tlic mixtures. For 
exriniplr, rwctit work ( r c b f .  :K{, p. 5 ) ,  i r i  i \ - l i i c * l i  a 4-iticli 
t i i t w  \VIM uscd ,  Iins slwn-ri (Itis to I ) v  I ~ I I V  for psoli i ir  ~ i i p o r -  
iiir niistiircs ciowti to pr(~s i i i iw l e ~ s  t h r i  1 i i i I . 1 1  of rilc~cu~.?-. 

Corwqrwirtly, t lie limits ol)tciiiird Irt rcvluccxtl prrssi~rcs arc’ 
riot g(w(wdy triic limits of fl i ini~iial~il i t~,  siii(’c1 ttirj- :ire’ 
influrnced by tlic tube tliariicter aiicl nre ttierefore liot 
physicochemical constants of a given fuel. Thrse low- 
prcwurc’ limits might, twt tvr h e :  tcrnicd limits of flame propa- 
Elition? :in(I shniil(l tJr ncvwnpanicvl hy :i spcrification of t l ic> 

t i i h  11 i:imcbt IT. 

. .  
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True flammability limits.-If II flume is to propagate 
tlirouglt a mixturt.. it is cvitlciit that  e:irlt Inyrr of fresh gns 
just alicatl of t l i c  flame must h igtiitcd so t l i i i t  the flnnic~ 
overtakes it just as the cliemical reactions of coni1)ustioii 
reach the state characteristic of the flame. I t  is therefore 
reasonable t hot the true limits of flamninbility should o w i r  
a t  fuel coi~criitratioiis sucli tha t  just sufficient energy is 
transmitted from the flunic to the gas ahead to allow this 
continuous ignition to take place. Dilution of t h e  limit 
mixture bj- furl a t  the rich limit, or air at  tlic l c i i i i  limit, 
would upsct the balancc, and flamtb \vould propugcitc orilj- 
if aitletl by sonic c ~ t ~ n a l  enwg?- supplj- such as the igiiitiori 
source. 

I t  was pointctl out previously that diffusion of ncttivc par- 
ticles aiid conduction of hcat from the flamr zone to t t i c  cold 
gas are probably both importaiit il l  the  process of flame 
propagation. I t  is not yet established which of these two 
mechanisms will be more successful in explaining the ob- 
served combustion phenomena. Regardless of the mecha- 
nism of energy transfer, howevrr, it is logical to expect that 
the limit concentration should be related to the amount of 
chemical erithalpj- (heat of eombustion) available in the 
mixture for trntisfer to the unburned gas. Tliis rspwtiLtion 
is esperimnitallj- wrifiecl, a t  Ithast for t l i c  lriiii flnm- 
mability limits of hydrocarbon fuels. 011 the averagr, 
lean-limit mist ures of most hytlrocarboiis liar? a c~onit)ustiori 
licitt rtdrust. of 10.4 ktlocdoric~s per mole of fut,l-iiii mist uw 
(ref. 20). Also, Egerton and Powling (wf. 35) have shown a 
very striking correlation between t tie heat of combustion 
of the  fuel aritl thr reciprocal of the ltlari-limit roricentrntion 
(ref. 5 ,  p. 334). Similar correlations between tlir lieat of 
combustion and the rich flammability limits have not been 

so succrssful. However, i t  t ins  brcii foiititl tha t  thr calorific 
vulurs of rich-limit misturcs are nppro-iimntdj- t h r  S H I I ~ P  for 
several Iiytlrocurl)o~i furls (rclf. 19, 1). 1 2 ~ .  Tllc  sJinie 
general ideas of flammability limits rnaj t Iirrcforc ~ p p l > -  
to both rich and lean limits. 

The foregoing discussion implies that t l i c w  mnj- be a 
characteristic temperature associatrtl ~v i th  the limit flames 
of each fuel. It will Iw rrcallrd that incrwstd initial mixture 
tempcrnture widelis thc limits, so that the heat of cornbustioil 
per mole of mixturr is tlecrrastrl. If thrrc is II characteristic 
limit flamti tcmperatiirr. tlic de(-reasc iii heat of combustion 
should tw just balniicecl by thr gain i n  lieat contcrit d u e  to 
the higher initial temperatwe. Tliis is found to be approxi- 
mately true for several hydrocarbons and may esplain the 
linrar drpcwtcnw of limits of flnnimal)ility oii init i d  misture 
temperature that is usually observed (ref. 19, p. 12). 

The general ideas of flammability limits discussed have not 
as yet been implemented with a useful theory. The theo- 
retical approach of Lewis and von Elbr (ref. 5 ,  p. 369) has 
not led to a means of calculating the limits from basic phj-si- 
cal and cliemicd propcrties of fuel-air mixtures. The ideas 
expressed in reference 36 have been somewhat more success- 
ful. This work points out, both on t h r  basis of the thermal 
theory of flame propagation of Zrldovich and from experi- 
mental evidence, that  the burning velocity does not fall to 
zero in a limit niisturr. Conscqurntly, thrrc must be some 
factor than prevents the propagation of slowc>r flanitbs i n  
mixtures more dilute than the limit mixtures. It \vas 
suggrstcd that this factor is the loss of heat due to radiation. 
The radiation in qurstiori is chiefly infrared. 011 the basis 
of necessarily crude calculations, wliicli w-ere not described 
in detail in the referrncr, it  was estimated that ratlintion 
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FIG[-RE 93.-Effect of mixture composition on surface ignition tein- 
peratlire uf various qrrie-.crnt inistiires of natural gas and air. 
Iyriitiuii tiy clectrirally hcated 1);-inch-lotig nickel strips cut from 
sheet of S o .  18 BBS gage cotnlnercial nickel (ref. 43). 

niakrs i t  iiiipossiblc fur 11 Hilnit~ t o  proptignt (1 i n  eurt)oii 
nionositlr niistrires at, II vrlocit>- less than 0.065 foot, per 
sec~ontl. The lean limit of carbon moiiositlt in air was 
cnlt~ulutt~tl to be lwtwwii  10 t in t1  13.5 percent carbon nioii- 
ositlr ~ J J -  voliimc~. iiiicl tlic ric*li limit betwrcw 81 and 87. 5 
pcwriit. 'I'lic~sc figrircss may be twmpartvl witti those of rtxf- 

ertliit*e 19, \\-hic~ti gives t l i c  limits as 12.5 and $4 percvrit, 
wspwtively. The agreenient is quite striking in th is  caw;  
so f n r  as is k ~ i o n  1 1 ,  t t i tb  tlicwr?- I I U S  not I J c ~ t ~ l l  c ~ s t c ~ r i t l t ~ ~ l  to ottichr 
f r i i s l s .  111 1-it.w of t I i ( 5  fiict t l iut  cliita oil t t i t b  ~i t ) so l r~ t t~  t\iiorgivs 
c m i t t c d  tis iiifriirt>[l rmliat i o i i  from gus mist t i r ibs  i l t  ~ ~ l ( ~ v t t ~ c ~ l  
tt~nipt~riitrire?; iirct rccluii.cvl for t l i v  rulcuItitioiisq IL ful l  t b v i i l i i t i -  

t i o i i  of tliis ttirorj- w n r i l t l  t)c IL tlifirult tiisk. 

IGNITION 

ignition temperatures, it becomes necessary to employ vari- 
ous t>-pes of apparatus which in  thcmselves do not give the 
true temperature of the gas but rather a temperature of part 
of the apparatus. Hence, temperatures reported hereinafter 
for various ignition methods are equipment temperatures. 

(2) Ignition limits: Ignition limits of a. mixture are those 
proportions of fuel in air or oxygen that  are just capable of 
permitting flame in a portion of the misture for a specific 
ignition method. Because ignition is considered as the 
process of initiating a propagating flame, ignition is limited 
by tlie limits of flaniniabilit.?- previously discussed. 

Stoichiometric, 
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FICCRE 95.--Ignition characteristics of n-octane and 2,2,4-trimeth.1-1- 
pentane in mixtures of fuel, oxygen, and nitrogen. Ignition by  
dynamic heated-tube method; supporting atmosphere flow, 230 
cc per minute at atmospheric pressure and temperature (by 
permission from ref. 45). 

(3) Ignition lag: Ignition lag is the time between tlie intro- 
duction of the niistuw to tlie ignition sourcc and the first 
indication of ignition. 

IGNITION BY HEATED SURFACES 

The niost important methods used to obtain basic data on 
surface ignition temperatures of fuels are: (1) crucible 
methods, static and dynamic; ( 2 )  heated surfaces of various 
geometries: (3) ndialmtic compression method, antl (4) 
bomb method. 

The crucible methods have been most widdy used to 
obtain ignition tcmpcriitiircs of liquid fucls. I n  this nirtliocl, 
a drop of fuel is tlropptd through an optming into ti Iicatrtl 
cont,ainw filled with either quicscent or flowing air or osygen 
(depending upon wlicttw static or dynamic test,s are t,o be 
made,!. The  cruciblt. trniperatitrr and ignition lag are 
detern~inrtl at the instant t h e  drop bursts  into flame. Tlie 
disadvantages are tliat tlie mixture composition is not ob- 
tained and tha t  the heat of vaporization must be supplied 
by the crucible. The ignition temperature is the surface 
temperature of the crucible. This method has been derived 
from the methods tlescribect in refcrencm 37 antl :{8 and 
yields ignition temperatures tliat. arc among t,he lowest 
found in the literature. 'l'tic crucible method has been 
critically evaluated antl refined by Setchkin (ref. 39). 

Tlie dynamic heated-tube method (rcf. 40) utilizes con- 
centric quartz or Pyres tuhcs in whic-li tlio flammn1)lt. vapor 
arid supporting at niosplicrc~ arch flowing :ind iirt' srparntt4y 
lirat,ctl. Tlic flamniable vapor is nirttwtl into the largc 
tube  containing blie support'ing atmosplirrr 1)y nirans of a 
small orificc in the end of th r  small t r i l w .  Ttie nicasuretl 
ignition temperature is the mixture trmperat.ure a t  wliich 
flame appears after a meRsured t,ime lag. The mixture 
composition is controllable in this method. 

'rhr ntliRhnt.ir.-c,omprc.ssion mrthod was originally tlrvrl- 
oprtl hy Tizrird rind Pyc (rrf. 41) to cliniinntmr thr rffrvta of 

the surface on ignition tcnipcrnturc. 'I'lic apparatus n-as 
cwristructed with a piston t l ic i  t nio\-otl for\v:irtl ~ t b r y  rtipi(1Iy 
to compress a volume of furl-air mixture in n cyliiitlrr; the 
piston was locked at the end of the strokc. Reauona~~le 
calculations showed that the Cime required for any appreci- 
able heat loss from the gas to tlie cylinder wdls wns much 
greater t,han the observed ignition lags. The ignit,ion lags 
depend upon tlie temperature reached in the compwssion 
process; the temperature is calculatrtl from t hc caomprcssion 
ratio as determinrd from a prcssurc rrc-orcl. 

The original intention of Tizartl antl Pyc, t i i t i t  tlir ignition 
temperatures obtained by the adiabatic-comprt.ssioii nirt hod 
should be those for homogeneous gas-phase ignition, dors not 
appear tmo have been fulfilled. The csprrinirnts of rcft.rcncr 
41 shower1 that,  although the ignit.ion lnps wrre o d ? -  of the 
order of second up to a few tenths of a sccontl, signifi- 
cant heat transfer to t'he cylinder walls occurred. Lewis 
and von Elbe, in a discussion of the adiabatic-compression 
method, point out that  all experimenters have found it 
necessary to condit.ion t,he walls of the reaction charnhcr in 
order to obt'ain consistent results (ref. 5 ,  p. 162). This 
fact plainly indicat,es a wall effect on the ignition tem.pera- 
tures. Furthermore, st.rong evitlcncr for a wiill effect has 
been obtained in pliotograplis t'aken through the end of the 
compression chamber f i t k c 1  with a window; the pictures 
show tcliat luminous spots appcnr first at  the  siirfac~o of tlie 
cylinder and grow inward (ref. 5 ,  p. 163). Tlius, ignition 
definitely does not occur uniformly tliroughout the roni- 
pressed mixture. For t,hese reasons, it appears t.hat the 
atliabat,ic-compression met,Iiod, likr the ot1it.r mrtliotls untlcr 
discussion, gives some sort of apparatus ternpc~rat urC rather 
t.lian an  absolute ignition temperature. 

Tlie bomb method (ref. 42) utilizes an evnc+untetl ctianiber 
heated to a known t.emperat,urc. The flanimahlr niis t ure 
is introclucwl int,o the cliamhrr nncl timr lag is nicbasurrtl. Tlie 
cliariibcr has possible wtulgtic c.ffrcuts, untl t "~ rs  iiitiy ixssult 
1)twiust~ tlir mist ure must tw I i c ~ u t c d  lwfoix~  ignition ('uti 

occur. 
Data from all tlirse mctlio(ls ( w i i i o t  l ) v  c.oriipirc>rl hcv~tiuse 

of thr (liffert3nce in espt~rinirntal iippiir:it lis a i i t l  twliiiiqite. 
However, data from onc sourw cnari IN. i i a c b t l  t o  a l i o w  t lie 
trends of different variables. 

Mixture composition.-- -Tlic e f r c t  of tiiisturc coinposition 
on the surface ignition t rrnperat u r c b  of rlt1c.t  rically lieat et1 
nickel strips (ref. 43) is sliown in figurr 98. 'l'lic> npprosi- 
mately linear relations sliow that t h e  ipiiit ion ternpcrature 
increases as tlic perccntage of furl in  t h  fuvl-ciir Inistiire 
increases and as t,he strip a id t  h tle.cwiws. This trend of 
iticreasing temperat w e  with itic*rrasing proport ions of fuel 
tlors not, hold for all fuels. Figiir' 94 shou-s that for some 
Ii~-tlroc.arbons of the  pnrafiin sc&s, t l i t '  t rniprrat i i r t 1  clc~t~rc~c~st~s 
with incrcusing fucl proportioris ( r c k  42 n i i t l  4-t). t i l t  l ~ u g l i  
it  might, be expectctl that t l i t >  curvt~s will cwntunllj- turn 
back up at, rirhrr misturc.s. Crasolinc shows a trmd siniiltir 
to the paraffin Iiyclrocarbons (fig. 94). 

A fuel map exhibit two ignition temperatures at  certain 
oxygen-firel ratios (ref. 45). For cwmple, figure 95 shows 
t l i r  ignition temperatures for 11-oc'tane and 3.2.1-trimethyl- 
pmtniie as a fiinc-tion of oxygrn-furl ratio. For Zq2,4-tri- 



104 ' REPORT 1 3 0 ~ N A T I O N A L  ADVISORY COMMITTEE FOR AEROS.4UTICS 

Stream velocity. fl /sec 



BASIC CONSIDERATIONB IN THE COMBCSTION OF HYDROCARBON FUELS WITH .IIR 105 
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FIGURE SS.--Inflnence of mild turbulence on minimum ignition tem- 
perature of liquid aviation ~asol i i ie  injected into 12-inch-tliametcr 
12-inch vertical steel cylinder (ref. 44). 

Ignition log, tp sec 

in a combust ion chamber. Therefore, for such applications, 
the  surface temperature must be markedly increased or else 
some means provided to prolong contact between fuel and 
surface. 

Heated spheres and rods.-Hrntetl spheres shot into the 
combustible liave also been used as ignition so~trccs, with 
the results shown in figure 97. Ignition temperature de- 
( ' r t x s d  u s  t lie tliamct ~r of t tic spl iere inrrcased h w ~ i i s e  of 
tlir greutrr surface U~PIL.  I n  this study (ref. 4 9 1 ,  t l w  rri- 
tcrion for setting rip a t l i t ~ r y  was that the  rate of lieat 
priitwtccl 1)y reartion slioultl be greater than that lost 1))- 
c~onrlurtio~i. I t  is sltowri ttwt, for a specific sphcrc vclocaitx, 

where Ts is ttic Iieatctl-sptierr trniperature n t i t l  ,Eocl is the 
apparent energy of activation 

Because of the ignition (-ritrrion that considered lirat 1osst.s 
I)>- roti(Irii8tioii oiilp, thc cqiititioii docs iiot iwtituiii atip fwtor 
rc.ltiting to t h t l  cliiration of c*otitac-t of tl i t i  f r d  w i t 1 1  t tw  
ierii t i o n  5011rw. 

following equat ion: 

(10) 

would otlirrwise be necessary. -1 gas film ( r ,  g . .  atlsorhcd 
wntcr or (-arbon tliositlc vapor) may act in  the samc niauner. 

I lie composition of the ignition surfacc affrrts t tic ignition 
temperature (refs. 43 arid 51) of flamniable mixtures. The 
cffrvts of various surfaces are shown in figurcb 100. Diffrr- 
ei~ces  shown for tlie various surfaces are probably due to 
tlierninl conductivity, catalytic. activity. or ositlntion proprr- 
tics. Escrpt for molybdeniim and platinum, t 1 1 t h  siirfocc 
trmpcraturc inrrcmcs with the aniount of f r i t 4  it1 t l w  mist iirtb. 

.\Iol~-l)dcnuni oxidizes rapid>- at t h e  ipriit ioti t cwiprrat iir(is, 
w-hic-ti probably explains t l i c  tretitl opposittb to  ot hcr iiitbtuls. 

Platinum is catalytically active. and the results ma?- be es- 
plninccl 011 that h i s .  With platiiirim, a rmbtion of fuel iiiid 
osypen tabs pltii-r with liberation of t i c h i i t  at tlic surfiwc. 
This heat affcrts t,tic teriiperatiire graditwt in such a manner 
that less heat will flow from the Iientcd surface, thereby iri- 
hibiting ignition. The rate of the catalytic reaction attains 
a maximum at stoichiometric misture composition. causing 
the h a t  flow from the  surface to be minimiim. Thrrtafore, 
to cwnipwsatc for the smaller heat flo\i-. it is neccssar>- to 
raise the surface temperature i n  ort1t.r to ohtnin ignition. as 
sliown by the  peak in figure 100. 

'rhis cfftvt of type of surfwt. upoii  t tie igiiitioii tcnipcra- 
t tire tl<~pc~ntls upon tlie particwlar iiit~thocl of ignition us td .  
For esiirnple, rr.fcrcnctx 32 show t l i u t  , in [ t i c  tl?-tiiiniic.-l,oruI,i~~ 

nictliotl of ignition, changing tlic niottil surfuws litis subutun- 
titilly no rffert on the ignition tcmpcrtiturc'. Glass surfaces, 
l i owwr .  ignite Anmmnhlcs at l o w r  ttmpcrat urrs (ref. 5 3 ) .  

, 3  
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Sample A ______._.___._______-.-......-.- 
Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

17000 4 8 12 16 20 24 28 2 S 

FIG[-RE 101.--Etfect of  i.urface area ('II surface igiiitiun temperatlire 
Igtiition t )?  

Surface area, sq in. 

of  qiiiescent niisttirr of 7 percent iiatiiral .gas and air. 
electrically heated surface (ref. 44). 

Surface area.-The effect of increasing the surface area of 
a heated plate (ref. 44) is shown in figure 101, in which an 
increase in area lowers the ignition temperature. Increasing 
t tie area from which lieat may be transferred increases the 
amount of heat. output and correspondingly lowers the igni- 
tion temperature. The curve appears to  approach a, mini- 
mum temperature below which it is impossible to obtain ig- 
nition regardless of area. 

Small wircs ran cause ignition whtln heated electricdly to 
iiicandest*eilre. In  the case of platinum, tlifficultirs w e  
caused, however, by combustion without flame that takcs 
place on the surface of the wires. This ronibustion causes 
tlie wirt. to Iiavc 11 trnipcrature liigtirr t l i u i i  wlit>n surroundrtl 
by air iiistcati of a flanimablc misturr. The mixture neur  
the wire beronics litsated and conrwtiori c-urreiits are set up. 
Ignition of the niisture occurs only if ttic l i c n t t d  portion of 
the mixture remains in  contnvt w i t h  t I i i>  wirr for n period 
twwspoiitling to P tinie grc~utcr t t i i i n  t l i c  ipiiitiori Itig. This 
t,t>nvrt,t ivr c.fft.c.t is grrnt cr \vi1 Ii st t i i c ~ l i i o n i c ~ t  rits mist urrs 
( t  I ioac I l i u t  I i a v t k  t I i c  Iiiplirst t l i r r n i a l  t~iit~rgic~.; j i in(1 I * O I I W -  

qurntly results i n  liiglirr ignition trmpt'rnt i i r t ~ ,  ;it t I i t w  niis- 
t \Ir" 

1 I i r  limitiiig mitiinirini tliiinit~tors of I i t w t t v l  !viros i-:lpal)le 
o f  ipnit ing nitst Iiiiiic.-iiir mistun&< : i i ' t k  i i ~ ~ ~ i i ~ i i ~ i ~ i i : ~  t ( ' I ?  0,0079 
and 0.0:<55 iI i i . 11  lor piut ilium i d  i rot i  wirtss. r iq )o t . t  iv(bi>- 
(ref. 5.1) .  For smallrr wirrs it is ~tssiinwil r l i t i t  :L h y r r  is 
formed on the wirrb h?; oxygen molcculcs antl sufivirrit hrat 
cannot be c~oridwtcd t tiroiigti thr layrr. 

Heated particles (frivtioi) ant1 fusion spurtis) ran ('PUSV 

ignition uritlrr certain c i r r ~ r m s t a ~ ~ c ~ ~ s .  Howrvrr, in  gewral. 
thcj- are ineffective igriit ion soiiri-tss and I i n v ~  little prartiral 
importance in high-speed combustors. 

Fuel composition.-Variations in  molrtwlar struct iire and 
m o l t d a r  weight affwt t l i v  igiiit ion tcniptnturcs of fliim- 
mablr niixt iirvs to a lurgt, tlcyrc~a, us sttoivii in rofrri~1ivw ; > . I  

uiitl 5 6 ,  bot11 of wliirh ust' cwicit)lv r1ic.t hotls;. Igiiitiori ! i t i n -  

peratures for niorc than 100 orguiiic- liqiiirls arc reportcil i r i  

rrfrwncer :i:i uiitl for 94 pure ti,n~rocwi~t)oiis t i i d  15 r.orriiriw-ia1 
fluids in rt.fervnre 56. Portions of tlirse datu aril plottul in 
figure 102, where spontaneous-ignition trmperiiturrs are, 
sliowri as furitat iotis of t l i c  numbrr of rarboii ut onis per molc- 
vulc for severid typvs of c.onipounrl. ' I ' t i c w  figures stlow 
t h a t  thr c w n p o i i i i t l s  with t h r  loivcsst molcviilar wrifiht, hnvr 

, I  

- -  

484 1 
502 

t tie highest ignition temperatures antl that ,  for a given num- 
Iwr of c~iirboii atoms, the n-puraffiiis at id  rr-olrfins Irar-e sit b- 
st antiully lower ignition temperatures t lian do branchetl 
paraffins and aromat ics. 

Ignition temperatures for several aircraft fuels and 
lubricaiits are listed in the following table. These data 
were taken from reference 56 a id  from uiipublished SAC.1 
work in wliic~h n crucible method, suljstaiitially the same as  
that of rrfcrcnce 56. was used: 

~ - _ _  ______ - - - -~ - _-_ 
Spoilt i K  t i  L1IIt'oIIs- i t io 11 

i temperatiire. 
i 

O F  ' 

v Naphthalenes t o A r m l i c s  

- -- 

Carbon atoms p e r  molecub 

[a) By permission from reference 55. 
(b) Reference 56. 

.potrtnn~.oii.;-irrrritioii tcnipc~atrire~ of varioris liqiiid fuels. 
FIGIXE 102.-Effect of niiniher of carhori atoms per moleciile on 



BASIC CONSIDERATIONS IN THE COMBGSTION OF HYDROCARBON FUELS WITH .4IR 107 

The ignition temperatures for the jet fuels are nmorig the 
lowest found for Iiyclrot~arboiis. 

There is no exact relation between octane number nilti 

ignition temperature, but references 51 and 57 indicate that 
ignition temperatures of unleaded fuels generally increase 
with increasing octane number. Data from references 46, 
53, arid 58 show that the effect of decreasing fuel quality or 
cetane number is to increase the ignition temperature (iig. 
103). Addition of tetrnethyl lead nlso increases the ignition 
temperntiire (ref. 46) .  

Pressure.-Thr cfcct of pressurc on the ignition tenipcra- 
ture of methane-air mixtures as determined by a dynamic 
heated-tube method is shown in figure 104(a) (ref. 40), and 
its effect on the bomb-ignition temperature for four liquid 
hydrorarboris is shown in figure 104(b) (ref. 59). Ignition 
temperatures decreased cont inually with increasing pressure 
over the pressure range investigated, which was to 30 
atmospheres in reference 59. The effects of increasing 
pressure on crucible-method ignition temperatures are 
slio\vn in the following table for JP-4 and JP-5 fuels (un- 
publishetl S.lC.1 data): 

IKiiitioii tcrii- 
p m  t i i  rr , ' F 

JP-4 JP-3 ' 

Pressure, 
atm 

1.._ -. 484 477 

9 . - .  378 408 
5 .  ..... 376 41.5 1 

-1 c*orisitlt.rable decrrnsc in igriit ion t cmperature is weir \I lien 
prt'ssure is increased from 1 to 5 atmospheres. Further 
intwnsrs to 9 atmosplrcres hat1 little effect. 

- + ----- 
-- -_-- 

4000 IO 20 30 40 50 6C 70 80 90 100 
Cetane number 

FIGVRE 103 -Effect of cetaiie iiumber on  spoiitstieous-iAiiitiuii trm- 
(Cetane numbers are conierted perature of various fuelh III air. 

hST1I-CFR octane iinmber- 

fuel-air mixture by mentis of flames. Tivo separate situa- 
tions m a -  be coiisidrrcd : 

(1) A pilot flame is immersed in the fuel-air mixtiire. 
Whether or not t lw  mi-itnre will be ignitetl depcnds upon 

- 1  ' T---7 

-~ L c- .I--- 1 
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mixture composition, duration of contact between flame antl 
mixture, size and trmperature of the flame, pressure. turbu- 
Ieiic~c lerel. and tlie nature nncl amount of cliluents. 

('Li A flame is propagating in onr portion of a fuel-air 
xnistur~, scpnratctl from n srcoiitl portion by u constriction. 
Wlicther or not the f l t i n i c  will pass through t l i e  constrictioii 
nnd ignite the second portion depeiitls on the factors that  
govrrn flanie qucneliiiig by walls. iimotig the important 
vnrinblcs arc pros sure^ trmperature, mist urc composi tiori, 
nature aiid cinioriiit of tlilut,nts. atid size and shape of tlic 
opening between the two regions of cmnhustihlc niixturt. 

There is no estrnsive reliable literature on ignition by 
flames. and all tlir variables mentioned have not bern 
studied. The suwecding sect ions tliwri1)r wni (~  of t l ic  
important facts t t i u t  l iav(~ h r n  c~stn1)listii~tI. 

Pilot flames.-Two t ) c i s i c s  s i l ts  of t>spc>t.itnc.iits liitvc, I)cvw 
coritluctrd on t h e  ignition of liomogeiiiwus furl-ttiv mixtures 
by means of immersed fltinirs. I n  bot ti c*asrs nwt liane was 
t t i c  fiwl and t hr mvt Iiatic~-tiii~ mist U I W  \ v t ~ e  r j i i i e s w i t .  

I l i v  i~ sp t~ in i c~~ i tn l  tcv~l i~i ic l i ic  iiivol\wl t'spo:'iirr of tlic niis- 
t i t r i b  to a snitdl pilot flunir for varJ-ing sliort iiitcrvuls of 
time I)? mtmis of a shutter, antl tlir sliortcst twntac-t, tiinc. 
that prrmittrtl ignition was measurd .  Tlie work is 
described by llorpan i n  rrfrrcnc~e 60 (p.  44). 

'l'lir first expwimelits rstttt)listird t t i c  iniiiiintiin c.oiitac*t, 
times for ignition as R function of nicthnne roncwitration 
in air for pilot flames of various lengths. 'The results are 
shown in figurc 105. 1Iixturc.s slightly ric-tirr than stoi- 
chiometric could ha ignited with t l i ~  shortest contact times, 
antl iiic-rrasing tlir lmgt 1 1  of t I i c  pilot flcinir rrt lwrd t h r l  time 
rrquirc~l. 'I'lic~ Hiinw t cmpvrat urv \vas I hit :'iinii~ i n  1~11 cnsvs; 
t Iiris, ni i  iiicrwsc. i i i  IUL.  m4ww rut(> tippwrs t o  improve t l w  
irirc*iidivity of pilot flarncts. ' I ' h c a  o t h  i i i t c w s t  iiig rrsiilt of 
this work is t h t ,  vcr>- sliort c*ontac.t tirnvs rcyi i ircv l .  A flame 
0.590 inch long was c*apablr of igniting a ruiigc~ of nicthaiic- 
air mixtures with contact times of only 0.003 to 0.004 srconcl. 

In  tlie second sorim of rxperimcBrits, the size. of t lie pilot 
flame was kept constarit, brit tlw t c m p t w t t i i r t '  WILY varirtl 

I .  

by adjustment, of the mistitre. 111 this way, it was fount1 
t l i t i t  tlic miriirnun~ rotitaiat t imc for ignition of riic.tliurir-air 
niixt,ulcs b\. u pilot flame I)ui.iring n t  3213° F \\-as onl>- n h u t  
one-sistli t h t  time required with a f l i i m v  ut 2 i 7 O o  F. 

These two series of tests therefore :staLlisli the import mice 
of both pilot heat a i d  pilot-flame tcnipvature i n  tlie igiiit ioii 
of quiescent mixtures. 

Propagating flames through constrictions.-I I is t i p p i n 5 i i  t 
from a prrvious clisc.ussioii of flanw quoiitsliiiig 11y \vnIh t t i a t .  
if t h e  qurwltiiig clist t i i ic*c is knowii. t l i v  possiI)ilit>- t l i n t  i l  

fli~nie propngatiiig i n  on(' portion of n niistrirr will pisi 
througli a caoiistrivtioii i i i it l  igiiitc u scvaoiicl portion c u i  t)e 
determined. All evitleiice indicates that,  if tlic Aame sue- 
creds in pussing tliroirgli t l i r  coilst i i v t  ion, ignition of t t i c k  

sccoiic! portion is automot icdlJ- ctnsiirccl. I t  is tlitbr(sfort> 
appropriate to coiisic1t.r t lie factors t l iu t  nlfcvt qiiw*liiiig 
distance in connection with this tJ-pr of flame ignition (see 
FLAME QUENCHING). 

IGNITIOX BY HOT GASES 

Tgnitiori 1) ) -  hot gases gciirraliy applics to t l i c  case i n  wliit-ti 
furl is injected into hot air. Tlie niisirig process is n ~ i  
rsscantial part of tlir seqiicmbr of cvriits leading to ignition. 
In adtlit ion, t l i t ,  c~licniicd lint urt) aiitl pliFsic+ul stat(. of t l i e  

furl ,  and the tcmprruturt~. pressiirr, m i d  c*oinposition of t hc 
hot gas will i i i f l u t i r i w  ignition. 

Sonic of t h e  fwtors governing igiiition of fwls i r i j r c . t  cvl 
into hot airstreams are discussed in this sevtion. T h e  
critrrion for igiiitioii is tlic appearanw of flamc. Ositlat ion 
is arcc+ratrd b?* irit~t~rnsctl teniprraturc.; thcwforc, t l ic tinic 
lag, or ignition lag, f r o m  t l i r  instalit of f u d  iiijertion until 
the flame appears is A fun(-tioii of the  air trmpcruturc. Iit 
addition, some of t t i r  csprriments show that tlie rclativc 
amounts of f i w l  uiitl uir iitfcv.t8 t l ic tcniprraturc required for 
ignition aftor t i  givcvi i p i i t i o n  lug. I t  is thcwforr cbviclt.ri t 
that  quoting n n  ignition trniptwit,iiro for :L f r i c . 1  is mcv~iiiiigl~~.;~ 

uiilvss tlic fuc,l-sir rutio i r i i t l  t h e  tiinti Itis l ) i . f o i x b  igiiitioii i i i ~ b  

also specifid. 
Onr of t l i c  major tliificdtic~a i n  t lie n i ~ ' a ~ ~ ~ r o ~ i i e i i t  of < i i i - I i  

ignition ~ r n i p o r ~ i t r i r t ~ s  is t Iiat :L mixing pi'iwt'ss is S U ~ J ~ T -  

i n i p ~ ~ ~ r c l  on t 110 r ~ w l t ~ ,  r i i  t l t v  I , ~ ( I I T  \\-orl; I 11(. f i i c a l  ( m i i ( ' ( L i 1 -  

tration varied froni poiiit t o  poiiit i n  tliv i&pptr:it us, :imt 110 

attempt wiis m ~ i t l o  to tlt~ttwnirie tlir c,oiic.c.iitratiori at t l i c .  

point wlicrcl flame first t ~ p p t w i v l .  I I I  udctitioii. t l i c w  w n s  
often a ctiuiiw for t lie furl to iiritltirgo t h w n i u l  c-rwkirip 
1)rrartsc~ of proloiigt~tl c*ori tr ic , t  wit 11 lint s i i i  friws l)i*forc. i t  W : I S  

introtlwrd into t l i v  t i k t  w u m .  ( 'onsequcntly, i t l t d  ignitiori 
cxpcrimcmts of this t ~ p c  slioiild hr frrc of sirrfnc~c~ dfivts, ant1 
mixing of t t ir  f u d  uiicl air slioulcl br nearly iiistuiitunroiis, or 
elsr t h c  cffccts of niising sliorittl be dctrrminrtl. E v ~ i  if 
t I i c w  rrquiri~in~~tits  art' m a t ,  h u ~ v w ,  t lie rspcrirnont ti1 

t w l i n i q i i ( ~  still :ifrwti t l r c ,  wsirlts; this point is iIiwi1ssc<I inoi't' 

.*ully It1tvr.  
'l'wo t > - p s  of rwwit t~spt~rinic~rits arc clisiwssivl: 
( 1  ) T t i j w t i o i i  of piswits f i i d  into hot jiir, with vc'rj- rtipitl 

niising 
(2) Injection of gaseous or liquid fuel into a stream of air 

plus liot produvts of i-ombust ion froin ti "slave" 
t)iirtwr, wit 11 ] i o  s l m i u l  nt  t (mipt t o  s w i i r c  rapicl niising. 
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FIGYRE 106.-Ef€ect of propane concentration and tempisratitre on 
ignition lags of propane-air mixtures i n  I-iiich tiilw?, Flo\r- rate 
approximately that for minimum ignition lag (ref. til). 

Heated air.-A spontaneous-ignition appara t u s  that over- 
comes some of the experimental objrrtioiis to tlir mrusure- 
ment of ignition temperatures was tlesignetl aiitl used to study 
tlie ignition of propane by hot air (ref. 61). The propane arid 
the air were very rapidly mixed in a specially designed 
chamber; the mixing time with the low flow rates used was 
fix stvontl or less. Co~iscquentl~-.  i t  is bt~lievctl that no 
signific-ant thcrmal cruckirig of t h e  fuel occiirrtvl I ) c l f o r c b  it 
N U S  inisid with the air. The mixture \vas nl lowtd ti) flow 
upward in a glass flame tube, antl the ignition lag was meas- 
urrd by means of a photocell that respoiitlctl to light from the 
flame, or by a pressure pic.liup that ~~c~c~ortlrd a pulsta whrii 
ignition ot*currtd. By m r n n s  of sc>vcriil ch.tric* hc~~tiri;: 
eleme~tts, coritlitions were controlletl so tliat the rriisturc, 
mixing c~hambrr, and flame tubr ww rill t l i c  sarnc tcmprr- 
ature. The  flame tubes were 36 iric*hrs loiig ant1 1 or 2 inches 
i n  tliamrter. 

The  results did not tlopentl upprecint)lj- on t t i c  flame-tube 
diameter (mf. 61). Tlirre was, howevrr, a i i  cffwt of flow rate. 
Curves of ignition lug against flow rate, at (*oilstarit tempcr- 
uturo arid propane ~ ~ o i i ( ~ ~ r i  tration, sliontd minimums for 
ignition Ing. The flow ra t r  cww~sporrtling to ttie minimum 
lug s t i i f t r t l  to highw vli1uc.s for richrr mixttirc.s. 

S(~vt~r.tl ic~lc~ss,  t l ic  clutn of r ( ~ f c ~ r r i i v ~  61 eli4iiitc.ly show t1i:it 
igiiitioii lag dwrcwws as proparit' c.oiic.c.tttrntiort iricrciascs. 
Typicd data are shown in figure 106 i n  the form of u loga- 
rithmic plot. The ignition lags vary from 0,:s to 8 s i w t i i l s  

over a range of proparic caoricwtratiotis of :i to 40 perrent by 
volume and a rangr of tcmprratirre from 1014' to I :%l '  F. 
The. strriigtit l i r i i a s  of figtires 1 mi she\\- t t i t i 1  1 1 1 1 ~  t l q w i i i l e ~ r i c * c ~  of 

Propane in oir, percent by volume 

ignition lag 011 propane coricentratiori may be expressed by 
the follo~\-ing rqtititioii: 

where [C,H,] is propane concentration. The  value of the 
exponent b may be determined from the slopes of the lines 
of figure 106. These slopes have an average value of -0.93, 
so that the exponent b in eqtiation (11) may be approximated 
hy unity. 

Reference 61 also describes experiments in which tlie 
oxygen concentration was varied independently of the 
propane concentration. I11 this way, it was found that there 
is a slight depcntlenve of ignition lag 011 osygrn concentra- 
tion. The  following equation expresses the combined effects 
of propane and oxygen concentrations on the ignition lags 
at a given temperature: 

Reference 61 showed that the temperature-dependrrice of 
ignition lag is not of the simple Arrheriius type; the  (lata 
indicate that the activation energy is not constant over the 
range of temperatures studied. However, t he ignition-lag 
data could 1)il reasonably well expressed (within 30 p t w e n t )  
by  the following equation, which accounts for all the 
variables studied: 

t,,[C,H,] [02]~~=0.030+j .4X e.'61oo ' (1 3) 

where [C,H,] arid [O,] are the concentrations in mole fractions, 
and T i s  in OR. 

The preceding experiment is subject to apparatus vari- 
ables that appcur to he ine.vitablc, rveii though snrnr of tlie 
ohjectioiis to t l i c  mt~asiiremtw t of spoiituiit.oiis-i~iittio,i 

trmprratrirc~s lir~ve hcrn removed. If t h r  cxwritial pro~~~sscs 
arc assumed to take place in the gas pliust~, ignition cxiniot 
occur until the rate of heat rclease from the prc4griit ion retic- 
tions (or pcrhaps the rate of protlurtioii of cwtaiii active 
particles) ovwcomcs tlic rate of loss to thc wall3 of t l i v  t e s t  
section aiicl to the air or inert gas that prececlrs the furl-air 
mixture through i t .  Sucti a transfw must ovrur e v ~ t i  though 
the walls are maintained a t  thc sttmc temperature as the 
entering strcum of mixture, for the oxidation rractions riblease 
heat even before igiiition takes place, so that the temperature 
of tlie stream rises as it progresses t h o u g h  tlic flamc. tuhr. 
Corlscquelitly, gradiwtts in tcmperature and in concentra- 
tion will exist bctwetw tlir ventcr of the tube antl the walls, 
a r i d  thct diamcter of thr test section should have some effect 
on thr rc~sults. TIIP matcmal of tlir walls might also lw of 
.;om(' ~ r n p n r t n ~ l w  I11 rultlitiori, t h  flou rat(> stioultl affect 
the igritttoii lags tit II givcri spoiitaricous-igtiitioii temperature, 
sitic*e it  i r i f l r i c ~ i i c ~ r ~ s  tliv lieat transfer to t he walls. Similar 
c,oiisitli.rntioris apply i f  processes a t  tlic. wall are assumed to 
be controlling. There is also the possibility that both gas- 
phase arid surface reactions are important, perhaps in dif- 
fwiw t rarigrbs of  rot l iwi  tratiori and tcmpt~uture .  
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Reftwvice 01 shows t l i t t t  some of the results can be quali- 
tt~tivclg c q h i ~ i r d  hotti i n  tcrnis of gnu-phase reactions, 
using a reaction pleclianisni based on low-temperature 
oxidation studies, and in terms of a postulated surface reac- 
tion between adsorbed oxygen and propane. I n  the latter 
case, i t  would be expected that the ignition lags should 
depend upon the diameter of the flame tube; however, as 
hns been pointed out, there wns little difference between the 
ignition lags measured in  1- and ?-inch tubes. Reference 61 
suggests that tl ic explanation mny lie in tlie fact that, whereas 
the smaller tube with its larger surface-volume ratio gives 
greater concentrations of reactants per unit volume of gas, 
the smaller tube also provides larger relative area for loss 
of heat or destruction of active particles. 

Concerning the other variables. the data of reference 61 
show that ignition lag depends upon flow rate. Additional 
work, reported in reference 62, describes the effects of pres- 
sure, nature of walls, and nature of inert gas. Decrease in 
pressure caused an increase in ignition lag; at 1 atmosphere 
and 1125’ F, tubes of Vycor, stainless steel, and Vycor 
coated with potassium chloride all gave identical ignition 
lags; arid substitution of helium for nitrogen in the air in- 
creased lags about 10 percwit, while substitution of argon 
caused no change. 

Vitiated air.--Muhs (ref. 63) has provided some da ta  
on short ignition lags obtained under rattier specialized 
conditions. The  objective was to simulate the situation in 
current types of turbojet combustors. I n  this case no 
flameholders are provided in the combustors, and the fuel 
must be igiiited by spraying it into a primary zone of air  
plus hot products of combustion introduced by recirculation 
from the flame zone. In  the apparatus described in refer- 
elice 63, the air was heated by addition of the hot exhaust 
from a “slave” combustion chamher situated upstream of 
the test section. The fuel was injrctetl through a iiozzlc~ 
(both vapor aiitl liquid fuels were stutliccl). The ignition 
lag was tletcrmined from the kiiown How rate uncl a measurc- 
mrnt of the distance from the nozzle to the point a t  which 
the spotitancously ignited ffame stahilizcd iri a gradually 
tnpwing tliffuscr downstream of the irijwtiori nozzle. 

Sucli an espwimeiit must be subjwt to the c#ects of evap- 
oratioti, mixing, drop size, drop-size distribution, and 
tur1drtic.e. In ntldition, tlie air supply is vitiated by the 
ntltletl coml)ustiori products, so that the oxygen concentra- 
t ion  varirs 1)rlow 21 pcwent 11s u function of the temperature 
rcquired i n  t l i c  airstrrum. JIuIlins has attempted to account 
f o r  niatiy of tliesr c1ffctSts i r i  reference 64, which tlescrihcs the 
rtwilts of studitas on the ignitioti lags of kerosene-air mixturc.s. 
S t ~ c ~ a l  plij-sicd vnria1)lt.s w r e  esan~incd, with the following 
rcsrilts: 

( 3 )  The lag decreased 15 percent per 140’ F increase iri  

(4) The lag decreased 25 pcrc-erit if the fuel was pre- 
vaporized. 

(5) Only slight changes were noted when the induction 
zone was in the wake of a baffle that induced coarse 
turbulence. 

Studies concerning the effects of air vitiation macle with 
pure hydrocarbon fuels slionr that the sporitaiieous-iRriitioii 
temperature for a given time lag was about 120’ F above 
that for air (ref. G 5 ) .  With liquid fuels, i t  was r iec t”~-y  
to set the conditions so that the spray was evaporated be- 
fore it penetrated to the-walls of tlie duct. Furthermore, 
i n  reference 64 a nozzle size and an injection pressure were 
standardizcd so that the sprax Sauter mean diameter was 
about 100 microns. 

The basic measurement was the length of the induction 
zone (i. e., the distance downstream of the nozzle a t  which 
the flame stabilized in the R a  diffuser). It  might be ob- 
jected that the results were affected by propagation of the 
flame upstream into the hot mixture, or that the continuous 
presence of the flame influenced the length of the induction 
zone by radintion. To  test these possibilities, experimerits 
were coriducted in  which the flow of fuel was intermittent 
(ref. 64). The flashes from ignited mixture appeared 1 to 3 
inches downstream of the corresponding con tinuous-flame- 
front position. This result seems to indicate that the con- 
tinuous presence of the flame did have some effect, but i t  
w n s  pointed out that  intermittent operation may not have 
allowed time for the  nozzle to tlt.velop its normal spray. 
Therefore, the difference betwren continuous arid intermit- 
tent ignition lags may have been due to a difference it i  spray 
characteristics. In any event, the discrepancies were small 
i n  absolute magnitude, although percwitngewise they were 
as high as 15 percent. 

Although subjwt to ttir prwdit ig  rxpt’rinitw tal vuriublcs, 
.\liillins’ work provicles the onlj- nicusureincw ts of t l i c k  vtary 
short ignition lags of interest in present turbojet c-ombustors. 
Tlir metisurements covered t l i c  range of 0.5 t o  80 milliscmmtls 
ignition lag Tvpical data for krrosenc~, tnktw from r(.ft>rcnre 
64, arc shown iti  figure 107. Tlir c*fl’cc.ts of prrssurt~ ww also 
studied, arid figure 107 includrs !in(% for pressurw from 
9.88 to 29-92 inches of mrrcwry. At a givcn tcmperature, 
t l i t .  ignition lag for kerosene under the particular s r t  of spray 
ant1 stream conditions was proportioriul to the rwiprocal 
of t l i c  pressure. Different prrsstirr tleprntlenccs were found 
for ot1it.r fut.ls. Figuw 107 iilso i t ic* l r i t l t~s  a 1 1 ~ i c  for a gttseous 
ti? tlrocarhon fuel, “cdor gas,” c-oniposcd of C, tiytlrocttrboiis 
(r1.f. 05) .  

From t l w  cxpwimental datu, wtivation ciiergirs were 

fuel prd1eat. 
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FICI.RE 107.-Igriitioii lags on injection of fuel into hot vitiated 
airstream (refs. 64 and 65). 

I 

Thew arr several striking tliffereiices among thr esprri- 
merits discussed: 

(1) Reference 61 found that the ignit'ion-lag data for 
propane did not' follow an Arrhenius-type plot; hence, a con- 
stant activation energy was not obtained. Hori-ever, thr 
rmpiriral q u a t i o n  (12)  riscti to rspress the datu includos ari 
rsporicritinl trrm P " ~ ' * ) / ~ .  'I'iiis tt.mpc.rlitrirc.-tlc~p(~ii(l(,iit,(~ is 
mric*Ii Iws than fount1 iri rvferrrircs 64 ant1 65; t tic aiialogous 
espoiicntial trrms, with uctivation cviergies of 45.5 and 52 
kilocvilories per molr, woriltl br e4i200/T or P m I T .  Although 
e l i f f r w , i i t  furls art' irivolvctl, other rxpt~ricvic*e iritlicntes that 
t h r  t t~~npr ra t r i r t~  cmffit.irrits for propaiiv i i i i t l  "cdor pas," 
in particular, slioiiltl agree more closrly. 

( 2 )  Reference 64 r6,ports no rffrrt of fiic.1 c~oiicciitratioli 
on ignit,ion lag, wlierras reference 61 found that the lag at  a 
givm trmprruturc; was proportional to tIic iiivrrsv of t iic 
propane coricrntrat ion. 

( 3 )  ' h e  data of rcferwice 61 intlic+atr a low orclcr of clr- 
poritlc.rirc of ignition lag on oxygen roiwentrntion. while 
rchfrrc,nce 66 rrports t,liat thr lag varied irivrrw1,v 21s t l i e  
sqiinrc of t tic osygtbti (boiicrii t ra tion. 

I t  is irnpwsil)lt~ n t  p r t w ~ t i t  t o  ust~t~rtiiiri t l i r  ~ x ~ ~ i s o i i s  for 
tlisc,rc,i)uiir.ic,..;, Iic~.arihc, t t i ( ,  cq)(imc.iits 2irc i o  tli~rt~rl~iit 

u~ I (I t 1 1  c t . l fw t s o f  vari u 1,li.s tire i 1 1  e-oni p l t h t  11 I I ( 1  tbrst oo( I ,  
T l i v  i r c ~ i l  for rnrrtiori i r i  t h e  i r i t c y m ~ t u t i o r i  of spor1ttiiw)ris- 

ignition measurements is emphasized. In the present stage 
of knowledge, tlie safest pi-occtlurr for practical iipplicatiori 
of the data to high-speed combustors is to choose an espcri- 
ment that most nearlj- matches the actual conditions. For 
example, the work of AI ullins provides measurements sui t-  
able for such application to preserit types of turbojet com- 
bustors. More basic esperiments, such as those of references 
61 and 62, will event.ually lead to a better ;Inderstaiiding 
of ignition by liot gases. 

IGNITION BY SHOCK W A V E S  

The possibility of ignition of fuel-air misturcs 11y s1ioc.k 
waves may readily be seen by a brief examination of the 
properties of the waves. I t  is not within the scope of this 
discussion to present the details of tlie formation and propa- 
gation of shocks; many excellent works ma?- he consulted 
on these subjects (e. g., ref. 5, p. 590). 

A shock wave travels through a gas a t  a velocity greater 
than the local sound velocity. As the gas flows t,hrough the 
wave, i t  undergoes abrupt increases in pressure arid tempera- 
t'ure. The tpmperature is considerably greater than that ob- 
tained by adiabatic compression, in which case the ussump- 
tion is that  the piston moves so slowly that equilibrium 
always exists. This condition is met i n  practical c'asrs as 
long as the piston velocity is small compared with the aver- 
age molecular velocity. In the vasr of a shock wave, the  
wave itself is the piston hrad, and, as alrcad>- stated, its 
velocity is high. Consequently, the  compression is acconi- 
panied by the degradation of kinetic energy into random 
molecular motion, that is, thermal energy. 

An idea of the properties of shock wavrs may be obtairiccl 
from the.following table (ref. 5,  p. 594). Tlic qrinrititirs i n  
the table were calculated from tlie appropriate Iiytlrotiynumic 
equations for shock w v r s  i n  air at an initial temperature 
of 32' F: 

~~ ~~~ ._ -. 

, Ilntio o f  prc'ssiirc' I T ~ i n  pt'r:t t urt' 

, ivav~.  to initial velocity, i pressure ft,'sec 

behirid sliock , Shock-nave ' Teinpr:L- ~ w > i i l t i w  froin 

I 

2 .. ... 1.483 I 14.5 13.; 
4 08 307 

._ 
1000 - - ..- . I  30, 200 1 33, 900 2620 
2000 - - _ I  -12,300 51 700 3270 
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Thus  far, only sliock waves in noncombustible gases linre 
been considered. If the gas is a combustible mixture, a 
mat hematical analpis of the hydrodynamic processes tha t  
occur when a wave of chemical reaction sweeps through tlie 
mixture shows that two different types of process satisfy tlie 
conservation laws. In  one case, the pressure and density 
behind the wave are both lower than those ahead of the 
wave; this is called a deflagration, and constitutes tlie usual 
flame with which this chapter is concerned. In the other 
case, pressure and deiisity increase behind the wave; this 
is a detonatioii. 

Ordinary flames propagating in tubes are often observed 
to accelerate and transform to detonation waves if the tube 
is long enough antl the mixture is within the concentration 
limits of detonability. The processes involved are not yet 
completely understood. It may be sufficient to state that  
the detonation wave is a shock wave that continuously ignites 
the mixture into which i t  propagates and is sustained a t  
a velocity very much greater than the normal burning velocity 
by the energy released in combustion. 

Thus,  the possibility of ignition by shock waves is estab- 
lished by the verJ- existence of the phenomenon of detonation. 
In the situation just described, however, flame is present 
initially. Recent studies show that ignition by shock waves 
can be accomplished without the presence of a preliminary, 
slowly propagatiiig flame. In general, the technique has 
been to employ a shock tube, in which an  inert gas a t  high 
pressure is separated by R diaphragm from a combustible 
mixture. When the diaphragm ruptures, a shock wave with 
a strength depeiident on tlie bursting pressure and the 
properties of the inert gas travels into the combustible 
mixture. The  properties of this incident shock may be cal- 
culated from shock-tube theor>-, and the shock of minimum 
strength required to ignite the mixture can be determined. 
The technique has heen used by Shepherd (ref. 68) with 
met fiarie-oxygen, met ha ne-air, antl et hene-oxygen mixtures, 
and by Fay (ref. 69) with hydrogen-oxygen mixtures. I n  
general, ignition resulted i n  a detonation if the mixtures 
were within the concentration range of detonability, as 
might be expected. Ho\vever, tlie incident shock did 
iiot by aiiy means iieetl to he as strong as the detonatioii 
thut resulted from i t .  For esample, reference 68 stiowtl 
that methane-oxygeii mixtures could be ignited by shocks 
in which the calculatecl temperature was 410’ to 482’ F; 
the calculated temperature in reference 69 for a 2H?-O? 
mixture was 2 6 6 O  to 680° E. Ranges of temperature are 
given because the results depended somewhat upon the 
experimental arrangement, and the technique has iiot yet 
been sufficieiitl?- refined to eliminate all extraneous effects. 
Nevertheless, the intliratetl ignition temperatures arc i n  n 
strikingly lower raiige tliait those Oetermined by metliods 
previously discussed. espwially wlien tlie very sliort lags 
associated witti shoc-k-wave ignitioii ure corisiclered. .\lore 
recent work suggests tlia t t l i e  low shock-ignition tempera- 
tures are illusorj, a i d  w e  tliic to various effects in the rrgion 
of the bursting diaphragm aiicl in  regions where the tube 
walls are not flat (ref. i o ) .  Wren care was taken to eliminate 
these effects, the tempwatiirrs required for shock ignition 
were as high as or h ig l i t~  than those rrqiiired for other 
forms of igriitiori. 

(For n complete discussion, see ref. 67.) 

The  favorable results of shock-ignition experiments, and 
tlie fatct that a detoiiatioii wave is essentially a roiitinuous 
ignition t ) j  a shock wave, liave I t d  to a suggested engine 
utilizing the pririciple (ref. i 1 ) .  I11 such an engine, which 
might be a form of ramjet, tlie injectors woultl be moved 
into the diffuser upstream of tlie normal shock. The  shock 
would ignite the mixture, and combustion would be com- 
pleted in a combustion chamber smaller than that required 
in present-day ramjet engines. The exit nozzle would be 
used as a throttle to control the  position of tlie shock igniter. 
The engine would be self-starting, and flameholtlers woiilcl 
iiot be required. Reference 71 should be consulted for 
further analysis of the characteristics of a shock-ignition 
ramjet and a discussion of its advantages and disadvantages. 

It should be pointed out, however, that tlie principal need 
iiot necessarily be utilized in the form described in reference 
7 1 .  Although further experimental work is needed, i t  ap- 
pears that shock waves have a high potential for ignition of 
combustible mixtures and may be useful in other than ram- 
jet configurations. 

IGNITION BY CAPACITANCE SPARKS 

Probably the most important mode of ignition in aircraft 
engines is electrical discharges, such as sparks and glow or 
arc discharges. These sparks or discharges permit the inter- 
change of energy from an electrical circuit to a gas in  a rela- 
tively efficient manIier and in a minute volume compared 
with heated surfaces, flames, or hob gases. Complete con- 
trol can be exercised over the amount of energy and the 
tluration of the discharge. Although spark ignition has 
been the subject of maIi\- investigations and has found wide 
use in practical applications, there is still much to be learned 
about the meclianism whereby stored energy is converted 
to flame. The most complete summary available on spark 
ignition is that of reference 72. 

Three types of discharges liave heen used to obtain 
ignition: capacttaiice sparks, iiiductaiiw sparks, a i d  capaci- 
taiice sparks of loiig duratioii. ‘l’lie rate at wliicli eiicrgy 
is released is different for these sparks and accounts for the 
difference in igniting ability. C’apucitance sparks are 
produced by the discharge of chnrgrd condensers iiito IL gtis. 
I he duration of such a discharge may he extremely short 
(<0.01 microsec) for low energies and can be as high as 100 
microseconds for larger energies (> 1 j) because of iiiheren t 
properties of the circuitry. The appearance of the spark is 
brrglit, arid the spectrum of the spark corrcsponds to that 
of the gas in whicli tlie spark occurs. The current is high 
because of the low impedance of the spark gap. Inductance 
sparks are obtained from tmrisformers, ignition coils, mid 
magnetos, or when an iiiclurtivr circuit is interrupted by 
opening contacts. Rcrnuse inductance sparks usually U I ‘ P  

gcwcratcd by high-imptdniicc~ sourccs, the cwrreiit is lo\\ ; 
lienct, the sparks have u wi& apptwaw-  T l i ,  ,.urntion 
is long arid the spectrum cwrresponds to the vupor of tlie 
rnctal elcc~troclcs. (’apacitn1ic.e sparks of long duration are 
produced wtieri resistance is adtlcd to a capacitaiicc dlscliarge 
ignition system, the duration being controlled by the relative 
values of resistance and capacitance. When resistamp is 
atltlctl, the characteristics of tlie clisrharge (i. e., current, 
c l i irnt io i i ,  alii\ nppc”ac*e) I w o m r  vvry similar to those of 

,. 
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an inductance spark. Becnuse of losses in tlie resistance, I ignition energy of a flammable mixture is the totnl energy 
sucli spnrks are only useful for fundamentnl resenrcli. The 
energ? at. the gap -must Iw measured by oscillographic or 
calorimetric methods. 

The eiiergy in a capacitance spark as obtained from the 
discharge of a capacitance is calculated bj- the following 
equation: 

1 
E,=, c(t3-P;) (14) 

whwe 
E, energy obtained from capncitance, joules 
c capacitance of condenser, farads 
u2 voltage on condenser just before spark occurs, volts 
vi voltage rcmaiiiing on coirdeiiser at instant spark ccnses, 

vol t s 
This equation gives the eneqy  released from tlie condenser, 
which may be higher than tlrst actually dissipated in tile 
spark gap because of losses in the circuit unless estreme 
care is taken to minimize the losses. Usually vi is small 
compared with v?, and hence may be neglected. However, 
in systems using large capacitors and relativelj- low voltage, 
ut can be important. 

In the succeeding discussion of tlie effects of variables on 
ignition by capacitance sparks, tlie following definitions will 
aid in consideration of the results: 

(1) Minimum spark-ignition energy: The minimum spark- 

1 - _ _  

IO 12 14 
Methane In methone air mlxture, percent by volume 

FICrrRE 108 -Effect of inivture composition on minimum spat k- 
ignition rnergy atid quenching distance of ntcttrane-air mixtures. 
rapacitance cpark, pre>sitre, 0 9% Iiichcb of mercury ahwlutc.  
temperattire, i io F (ref. 17).  I 

c. -. 

dissipstctl in t ~ i e  weakest spnrk that will just c*nuse ignition. 
(2) Qiicncliing distance : ‘l’lie quelrching distance is tlie 

electrode spacing marking the farthest penetration of the 
flame-quenching effect of the solid material. At this spacing, 
the ignition energy is a miriimrini: below this spacing, the 
energv increases. - _  

(3) Electrostatic sparks: Electrostatic sparks are those 
sparks generated by friction. impact. pressure, clcavnge, 
induction, successive contact and sepnintion of unlike sur- 
fares, and transference of fluids The>- art> the same as 
capacitance sparks, the only diffrreiice beiiig in the manner 
in which the energy is generated. Data for electrostatic 
ignition energies would be the same ns those tletermincci for 
capnc~itancc-spark igriit ion twergies. 

(4) Breakdown voltage of spark gap: The breakdown volt- 
age of a spark gap is the lowest voltage that may be applied 
to a spark gap and yet cause a spark to be formed. This 
voltage should be distinguislied from the spark discharge 
voltage. which is the voltage appearing ncross the spark gap 
during the life of the spark or discliarge. 

(5) Spark discharge: A spark occurs upon the electrical 
brenkdown of a gap. It marks a transition from a-rion- 
self-sustaining discharge (sometimes called dark discharge) 
to one of several types of self-sustaining discharge and 
usually takes place with explosive sutldenness. The most 

Sphere Electrode 1 
sue, spocirq, 

in In 
, 

Benzene .5 
.05 

14 --- 

. I O  1 1  
I 
I I 

-1 

I L A  I 
- c !  

1 
0 2 Vapor in 4 vopor-ow mialure. 6 percent 8 by vdume IO I2 

E’IccRE IO!).-Kffect of inktiire coinpusition on minimum spark- 
igiiitioii cbrlctrgy of  inistiires of twiizcnr sild air or natural gas and 
air. rapacitancc spark ; prc~ssiire. atincsphrric; room tenipera- 
ttirc: electrode spacitig t i f i t  maiiitaiiied at quenching distance; 
elertrodc:s, stainless-<tct4 spherw (rrf. 7 3 ) .  
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Electrode confrgurotnm , 
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L -1 
I 

-~ c 
A 

Mixture composition.-The effcct of t t i i i t w e  coinpost t t o i i  

on miiiimum i g i i t i o t i  twerp\- of q i i i i w t ' i i t  n i i \ t r i i m  (refs 17 
aticl 73) is sliowi 111 figures 108 utid 109 for t l t r re  rlrc~tro~le 

Flilinniabie 

Methane._.. 
Ethnne - - - -. 1 

F11c.l 
i r i  

f 1 I d -  
air Le:lst 

.rt*x- I Percent fuel in fuel-air niisture ene,Ty,l 
Percent fuel in stoicliiometric m ~ l l l -  Per- 1 fuel-air niist w e  joule , 

cent 1 I 
b.v 
vol- I 
iiinr 
8. 45 0. 88 0. 28 

c i j l ) j J  
I - I 

. 3  .4 .5 .6 .7 .a 
Electrode spocmg, In. 

0 2  

I.'I(;~:RE 1 1  I.-k:tfcct ( i f  electrode inaterial and electrode spacing 0 1 1  

rninirriiirri spark-ignition energy of  flowing 5.2 percent by volunie 
iiiistiirv of propanc i n  air. Long-duration (ti00 microsrc) capaci- 
tanw spark: prwsiirc.. 3 inches of mercury at~solute; tem~ieratr~re, 
R O O  F (rcsf. 18). 
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Spark duration, mlcrosec 

F I I ~ L - R E  112-Effect of spark duration on minimum spark-ignition energy of flouing 5 2 pcwent b~ \olriinc. m i \ t ( w  of propnnc. i n  air Long- 
duration capacitance spark, temperature, 80’ F, electrode spacing, 0 25 iiich ( N i t t i i n  qutwrhiirg di-tnricp) (rtaf i s ) .  

Fuel type.-The type of fuel has a definite influence on the 
niiriiniuni ignition energy. as  shown iii t lie apptwtlis. Rufrr- 
enc*e 76 presciits analyses of a riuniber of fuels with respect 
t o molrcular ~vriglit and arrangenirnt of compounds wit ti 
t l i t ,  following cowlusioiis: 

(1 j Hydrocarbon ignition rncrgies decrease in the older: 
i i l~ t l i i es>alkenes>al~~~ies .  

(2’1 An increase in chain length or rhnin haiichiiig in- 
(~ rcmrs  ignitioii cncrgy. 

(;j) C‘oiijugation g:eiitmlly lowers the  ignition riiergy. 
(4) For long chains, the effect of structural variation is 

mirill, but for short chains, tlie effects are much larger. 
( 5 )  Scgativc substituent groups result in increasing igiii- 

t i o i i  encrgy in tlie ortlcr : nirrc.i~ptnri<alcoliol<rliloritlc< 
:iiiiiiip. ‘I’tie dTtvLts of cliloriiic anel nniine groups fire pnr- 
I ic.iilai4>- lurgr. 

( H i  Primary amiiirs incriBnsc ignition criergJ- niorc t l i r i i i  

-woiiclnry or trrtinrJ- timiiios. 
( 7  I Et hers ant1 t liiovt I i w s  i i w r c ~ a w  ignition cnc~g>-. 
I I ‘ I ’ l i ( ~  p~~rosiclc grnup lo\\-crs t lie ignitioii ~iicrg3- 

gn%t Iy. 
( 9 )  Esters aiitl krtoncs iiicrrusc ignitiori rnrrgy greatly, 

biit nlddiytles raisr ignition r n e r p  only slightly. 
( ( 0 )  Ignition mr~rgirs for compoiiiitls (wntaining tliiw- 

nicvnlwrtd rings arr vcrj- low, piirticiildy w1ic.11 oxygen 
i-  i i i  t h t b  ring. 

( 1 1 ) Saturated compounds coiitainiiig sis-mrmhcrccl rings 
l i i lve rcht ivrly high ignition cnergirs, but tliosc of five- 
iiirmlwrcd rings arr nhoiit awragc. 

i 12 I lgnit ion cwcqicks for iiromtit ic-s lire’ siniiliir to t Iiosc~ 
for liiic~ur tiytlrocdmiis m i i t  Jiiiiiiig t I i v  SILIW i i u n ~ ~ ~ ~  L) nf ciir- 

h l l  iltonls. 
T3nsiv s t r i r l i c b s  of igriit ion of fuol  mists 01‘ sprnys i n  tiir, t~ 

\-c~,v importaJit aspec-t of fi ivl  typv, l r t t v c ~  not, app::~.iwl in 
the literature because of problerns associated with wctt ing 
of elrrtrodes, rnergy absorbed by hectt of vaporization, 
mc~asurc~mc~rit of drop sizr,  partial vaporization of droplrbts, 
uric1 volatility of f i i c ~ l .  ‘ I ’ l i c w  variahlcs nitiJ- affoct t Iic 

~ ~ i i ~ ~ r y ~ ~  ‘ 1 )  - I I ( . ~ I  : I I !  ~ ~ . ~ i c ~ r i t  +11:1t I I I I V I I ~ F  : i r i r i  ~~ in l ) i i ~ i (~ : l l  . o 1 . 1 . ~ ~ l i i -  



116 ,. REPORT 1300-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

Miature velocity, W s e c  

FI(:I.RE 113-Effect o f  mixture w1r)cit.v and pressure 011 ruinilnrirn 
spark-ignition enerKy ( i f  fluwing 5.2 percewt by vulume mixture c f  
propane in  air. Long-duration (ti00 microsed) capacitance spark ; 
temperature. 80' F;  electrode spacing 0.25 inch (within qilenchil1g 
distance) (ref. 75). 

tiori), spacings less than the quenrliirig clistancc, the 
Itirgcr clrctrotlcs require more energy t han the smaller clc~c- 
t rotlw because of the increased a r w  for quenching to take 

Condenser voltage.-Tht~ effcc-t  of c.or!tlci~ser voltage on 
t h e  ignition ciit~g?- of II ftammuttle mistrtrc is ritydiyiblv. 
']'hat is, tile igriit ion cric'rpy rcc(uirrtl is unatfcc*tcd t)y iric.rcw- 
ing the condenstbr voltage as long as the c~apacitarire is re- 
duct4 to maintain tlie same storrd energy. Refer(we 78 
reports that. the voltage could he varied from 1.6 to 5.8 kilo- 
volts without changing t tie ipiiitiorl ericargy rcaquirc4. 

Spark duration.-The effect of iricrcnsing ttic spark d u r u -  
tioii in  the range of 125 to 25,000 niicrdscc.orit~s ( rd .  7 5 )  is 
to increase the  energy required approximately as a power 
function of the spark duration (fig. 112). This increase is 
clrw to distribution of t h r  rwergy ovrr  a larger volume. How- 
c'\-vr, ut (txtrcrnc4y short spark ttirrt~tioiis ( 2  niivrostv), t h o  
c.ric.rgy is cmiiuitIt.rut)lF tii:-'.-r t l ibl ,  i tiat of t t i t l  niiijority of 
tlie loiigcr-clrlrutiorl sparks. Kc~ftwncc. 18 suggc~+ts t hat. t tie 
iiirrt~astvf energy is clue. t,o ttir cmcq,rv tlistril)ritiori al(jiig t h o  
spark length. 

Oscillation frequency.--Some references (e. g., ref. 79) 
state that electrical proccsses are more important i n  the 
spark-ignition process than an?; t hcrtntil procwscts. Thc. 
rtseurc-11 rrsc~l a s  u busis for this vitwpoiiil is tlirLt, t twrr i t )d  
I I I  ri.[t*r(*ill:fb \ I ) ,  ~ I I  \ v I i i i , l i  t l i i b  I ~ I I I I I I :  po \v i~ r  of it 5l):li,l< 

place. 

. . .  

generated by a condenser-ind\~ctor combination increased 
with dccreusing osrillatioii frcqueiicy of tlir current w-uvr of 
the spark. Howeyer, as pointed out by Lewis and VOII Elbe 
in reference 5 ,  the tests were run uricler questionable w n -  
ditions; that  is, all the work was carried out  with electrode 
spacings shorter ttian the queric*liing distaiicsc. H t ~ c ~ x ,  son~e  
sort of quenching test W'BS conducted that gave no iiiforma- 
tioii rcyp~lii lg electrical processes. Kcferc>rrc'e 7 8  rt.ports 
the addition of iiiductarice to the apparatus in an uttvmpt to 
determine the effect of oscillatioii frcqut.ncy 011 ignition. - i t  
tlie querirliiiig distance, no c f w t  of rcvworitlt)l(. intlucttlnc'c> 
addition was found. Hence, in the light of the rrcent work, 
i t  must be concluded that inductance has no effect on 
ignition. ( h e  qr~ulifica!io~i might h ntlclcd : 111 sonie c'asc's 
wlicre higli-rncrg>- ipiiitiori systcrn.; IWC bvinp uscvl. t l i r ,  

atldition of inductance might chltuge the duration of the 
discharge arid so affect the ignition energy required. 

Fit $4 0 

I I I50 200 250 I 
5 0  I00 

Miature velocity, 11 /sec 
0 

FIGURE Il.l.-Effect of mixture velocity, promotvr size, nrid distance 
from prumotcr t:, spark electrodes cn nliriirnilm spark-igrlition 
energy of 5.2 percent by vulilmc rn i s turc  o f  prilparlr i n  air. Imng- 
duration (approx. ,500 rnicrosec) caparitaiiw spark ; prcssiire. 5 
iitchw of rnrrcrlry at)nolutta; tc.rnpt-rat irrv .  80' 1:; c>lvct rk>tle spacing, 
1 )  :;7 j i i c . t i  m ! i ~ t ~ , ~ \ , ! ~ i ~ ~ <  tli.-lwitv1 ri.f. 12', 
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Electrode Relation of ve,oc,ly, 

in Hgabs in distance ft/sec 
Mixture spacing, spacing l o  
pressure, 5, quenching "g, 

3 4 5  
2UdS + 5 

s 

Spark 
duration, 

microsec Ref 1 
I 

f* 3 

I 1cQ-5ooo 75 1oo-xx)o 7 5  
100-5ooo 75 
FJ5cK) 18 
E500 83 

4 

----+ 
---I 

FIGI-RE Il5.-f2orrelntion nf  riori-turhulent-flo~\. ignition-energy data. 
Fuel, propane; furl-air ratio, 0.08:E. 

Sparking rate.-The effect of sparking rate is described 
briefly in rcference 81, in which an induction coil was used to 
produce sparks. However, the sparks produced were a 
series of capacitance sparks from a characteristic cupacitwce 
in the circuit. The first spark caused ignition if ignition 
occurrctl ut all. The passage of two to ten additionill sparks 
had no effect. This was bclievetl to be because of somewhut 
lower voltage (and energy) in sparks following the first. 
These tests were conducted with spacing within the quench- 
ing tlist'ance and are tliercfore open to question. I t  is con- 
ccivtible that, if tlic sparking rate is sufficiently high ant1 
spiirks fohn-irig the first could be gcnertrtrtl in tlic I l c v i t c v l  

zoiic lv f t  hy thc first spark, some effect coulcl be obsrrved. 
Mixture velocity.-Iiicrt.asirlg the velocity of flow of a 

combustiblc past' the clcctrocles increases the energy requircd 
for iyriitioii (ref. 7 5 ) ,  as shown i n  figurc 113. Over the riiiig(' 
of \ -ch i t ics  iiitlicatctl 15 to 54 ftisec), tlie energy iricw:ws 
approximately linearly with velocity. At higher velocitics 
(ref. 8 2 ) ,  the energy iiicmxiscs much more rapidly (fig. 114). 
The velocity causes the spark to be blown downstream, 
thereby Icngthcwing the spark path ant1 causiiig the energy 
to be distributed over a much larger volume. Such distri- 
bution depcntls on the gas velocity uiitl spark clurat,ion. il 
theory is proposed in reference 83 to correlate the param- 
eters of density, velocity, spark duration, elcc.trode spacing, 
fuel constants, and energy. This theory is based on thp 
itlra t h i L t  the  totnl eiirrgy fC,c of tlir sptrrk may not be t h v  
irnportwt factor i n  ignition of flowiiig giisvs witti lorig- 
diiration sparks. Thc spark is coiisiticwtl to m o w  tlown- 
strcam a t  strrttm vdoc4ty I J ,  in thc form of a squarr- 
coriiercd U. The legs of the U will tw corit~iririously Icrigtli- 
ening, but the length s (corresponding to electrode spacing) 
will remain constant. It is considered that t'his length s is a 
linc source of ignition moving ut mean strcam vrloc+it,g arid 
is the iiiiportarit part of tlie spark. Tlie eiicrgy in this l i i i t b  

~ I ~ I ~ I W  P.7zf ;i: i d i ~ ~ i l ; l , t ~ ~ ~ l  1) l -  nitl.kirlq w v t : i i r i  X S ~ I I I I I I ) ~  ioll,< . I C .  

to the manner in wvhich and the rate a t  which the energy 
goes into the spnrk. Thc rncrgy is calculated as follows: 

sEi, 2C,t,+-s E,,=- log ~ 

2 u C t J  S 

where 
Err energy in line source, joules 
s electrode spacing, ft 
E,, total ignition energy, joules 
1;  gas velocity, ft/sec 
t ,  spark Juration, set. 

The energy Pi, heats a cylindrical volume of the combustible 
of length s and radius r .  The radius is found by  assuming 
the requirement of ignition is that r must be of such size 
that the rate of lieat generated in ttie volume must be equal 
to the rate of lieat lost by conduction. An equation relating 
the rate of heat generated and rate of heat lost determines 
the critical size of r.  Once T is determined, the amount of 
heat required to heat the volume of radiw r and length s t o  
flame temperature can be calculated. This heat shoriltl be 
equal to ttie lieat E,, from the spark, resulting in 

for clet.trotle spacings equal to or less than qtienctiing dis- 
tance <IQ; or 

for electrode spacing greater than dq.  -1 plot of cquirtions 
(16) ant1 (17) is shown in figure 115 for data obtained from 
references 75 and 83. Hence, from this analysis it may be 
concluded that only a portion of the spark length is impor- 
tant in ignition of flowing gases by long-duration sparks. 
Eiic~gy i n  the rrmtriiicler of t he spark is tlissiptltctl wit hout 
any help t o  thc ignition p r o t ~ s s .  

Turbulence.-IE a t u rbuhicc  prornoter sticli as u wirc 
scrvcn is placed upstream of tlie rlectrodes in u flowirig com- 
bust tblc. gas (ref. 82). the energy rcquirecl iiicrtmrs with the 

I 
2 4 6 8 IO I2 14 
Mean corrected turbulence intensity, a, ft/sec 
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F I G U R E  119.-Effect of mixture composition on minimum ignition 
pressure of methane-air mixtures. Capacitance spark; tempera- 
ture, 78” to 87” F ;  5I)tirk-plug plrrtrodes; PIectrode spncina, 0.11 

FIGURE ll?.-Effect of varying pressure of 8.5 to 9.5 percent by 
volume mixture of methane and air on minimum spark-ignition 
energy. Capacitance spark; temperature, 77’ F (ref. 78). 

FIGURE 120.-Effect of mixture pressure of 8.5 to 9.5 percent by 
volume mixture of methane and air on quenching distance of one 

9x103 I 

F I G U R E  118.-Effect of mixture pressure on minimum spark-ignition 
energy of one electrode configuration. Capacitance spark; elec- 
trode spacing, 0.11 inch (within quenching distance) ; spark voltage, 
600 volts; mixtures slightly richer than stoichiometric (ref. 84). 
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wirc size of the turbulence promoter and with decreasing 
tlistance from turbulenre promoter to rlrctrotles (fig. 114). 
I he energy increases with those factors that iiicreasc the 

intensity of turbulence. The idea of a line source of igni- 
tion has been applied to turbulent ignition data similar to 
those shoivn in figure 115 (ref. 83). All tlie concepts con- 
sidered in tlie previous section were used except that  the rate 
of heat loss was assunicd to dcpcncl upon the intensity of 
t urhilcnce. This annlysis sliow-cd t l i n t ,  at  csonstnnt pres- 

(18) 

r .  

sur('. 

.I plot of this relation is shown in figure 116. Ifencc, the 
cwcrg\- in tlie line source of ignition depends directly on the 
intensity of turbuleiicar. The effcct of scale of turbulence is 
negligible at  this condition. 
Pressure.- Pressure has a pronounced effect on the ignition 

of a flammable mixture (ref. 78), as shown in figure 117, in 
wliich the minimum ignition energy increases with decreas- 
ing pressure. For most fuels, the energy varies inversely as 
the bth power of pressure, where b is approximately 2 .  If 
the pressure is reduced suflicient ly, a prrssrirc will be rc.atlhed 
(minimum ignition pressure) belon whic4i ignition is limit et1 
by some factors of the apparatus such as rlrctrotlr spacing, 
size of ignition chanit)er, or availablc~ energy. Rlic.ther 
there is an ultimate limiting pressure Iias not bcrn drtcr- 
mined. Therefore, all the following data are apparatus- 
limited. 

Figure 118 stiows the rnergy increasing as the pressurc 
decreases toward the minimum ignition pressurr in tests 
(ref. 84) with ronstant electrode spacing. This curve is a 
combinatioii of two separate effects, pressure and quenching. 
That  is, as the pressure is rctiuced, the electrode spacing is 
effectively moved farthcr within t tie qurncliing distance, 
since t h e  rlut~nching distance incrcasrs with tlecwasirig 
pwssure. Diffrrent furls exhibit cliffcrnit minimum prvs- 
sures, as shown in figure 118 and tlie following table (ref. 84):  

- _  
Minirniiiii 
ignition 1 

pressure,' 
in. Hg ubs 1 

Ohtdint-d with cnpncitme spar!,. lempratiirc. i s o  to US0 F Plrrlroclc spncine, 0 I10 111 
fir%\ than qlicnchinK dlctanwl eriirr), X 64 1 

1,ower pressures than these could have been obtaincvl if t l i r  
tests had been c.onclucted in apparatus of suficiently large 
sizc so that quenching could not occur. l'tre importancar 
of apparatus size has been emphasized in the quenching 
discussions. 

Pressure limits for somc of the petroleum fuels in air at 
room tcanipcrut urv licivc been d(.ttwninetl as follows: 

E'llCl 

I 

100,'130 Grade aviation 22 
115/145 Grade aviation gas>liilc.-. . . ~ 

Grade JP-3 jet fuel.. . . . . . ~ ~. ~ ~ ~ - - 1  1. 50 
. 5 l  Grade JP-4 jet fuel-- .  . . .. . . . . .._. . I 

Minimum igiiition pr~~ssurc~s i i i ~  also a f u r i v t  ioii of I t i t ,  

mixture composition (ref. 84), as diown in figure 119. 'r11v 
lowest pressure occurs at about 7.5  prrcrnt mixture rat i o  

and on t h e  Iran side of stoicliionic~tric for m c t l i t i n c ~ .  €1) tlro- 
Fen also has the minimum on tlic leiin sitlc. ircf. S 4 ) .  For 
heavier hydrocarbons, such as propaiie and n-but ani), t lie 
low-est pressure occurs on the rich side of stoichiometric.. 
This phenomenon may be due to relative differences iri 
diffusivities of air and the fuels. Air has a diffusivity lcss 
than hydrogen and methane and greater t Iian propriiir 
and n-butane. 

I n  (let ermiriing tho  effcct of pressurc~ on ignition riic'~y?-, 

1-olisitlcration must be given to t h e  rlioic~c~ of d w t  I W I I ~  
spacing to be used, since t lie qucnc~hing t l i s t u i i w  is cilso :I. 

function of the pressure (ref. 76). This is dcnionstratecl in 
figure 120, which shows t l i t i t  t lie qucnc.lling (list nnc*c i i i -  

creases with decreasing pressure. A c-omplctc relat ioii 
between electrode spacing, pressure, and minimum' ignit ioii 
energy is shown in figure 121. 

1 ' I -  

1- - 
L L . I I . - . L - -  L ~ . .  L 1 i 1 E ~ ---__ 

'406 .08 .I .2 .4 2 
Eleclrode spacing. S, in 

FiolJRE 12l.--Effect of electrode spacing and pressure on minimum 
spark-ignition energy of 9.5 percent by voliime methane in air. 
('irparitnncr spark; ti~inperittiiri., 77" E' ihy permission from ref. 
i R j  . 
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The fact that the electrode spacing for minimum ignition 
energy increases with decreasing pressure may be explained 
by assuming that a certain spark-ignition energy can 
initially ignite a certain mass of flammable mixture. If 
the pressure is decreased, the mass occupies a larger volume, 
and hence the electrode spacing must be increased so that tlie 
spark will be of sufficient size to ignite the larger volume. 

In tlie determination of minimum ignition pressures, 
capacitance sparks of high energy have been used to over- 
come the quenching effect of the electrodes (ref. 84). Figure 
123 shows the effect of electrode spacing anti energy on 
minimum ignition pressure for n-butane and 2,2,4-trimethyl- 
pentane. The data show that the higher the energy, the 
less the effect of spacing on pressure. The energy of 8.64 

(a) n-Butane, 3.5 percent by volume. 
(b) 2,2,CTrimethylpentane, 2.5 percent by volume. 

FIGURE 122.-Effect of electrode spacing on minimum ignition pres- 
sure. Capacitance spark; temperature, 70' to 75' F; sparkplug 
electrodes (ref. 84). 

Y COMMITTEE FOR AERONAUTICS 

joules that is used with a spacing of 0.110 inch ignites a t  
pressures close to the minimum of tlir curves; and, const- 
quently, not much is gained by the wider spacing, altliougti 
the optimum spacing would be greater than 1 inch. 

Temperature.-The effect of increasing the temperature is 
to lower the minimum ignition energy, as shown in the fol- 
lowing table taken from reference 86: 

Fuel 
1 Teinpern- Ignition 

tiire, "F energy; 
nulli~oules 

Carbon disulfide ..__.._. _ _  - ___. _ _ _ I  7 7  ~ 0. 76 i 
! 212 , . 5  I 

Propane ____.____________________ 1 - 4 0  i 1 1 .  7 j 
8. 4 I 

J -22  ' 9 . 7  
I - 4  
I 77 i 5. 5 1 
1 135 1 1 . 2  

180 i 3 . 6  1 I 212 I 3 . 5  
j 399 1 1 . 4  I 
, 

77 2. 4 1 Propene oxide ______. - - - - _  - --. _ _ _  - I  

1 212 1. 5 
1 360 1 . 9  , 

a Determined wlth capacitance spark, atmolrphrric pressure. and flanged electrodes 

From these data, a correlation was obtained relating energr 
and initial temperature of the mixture. This relation was of 
the form 

where C a r d  X a r e  constants that are different for the various 
compounds. 

The same trend of lower ignition energies with increased 
temperatures is shown in reference 87 for a flowing propane- 
air mixture and long-duration capacitance discharge. The 
correlation of this data waa based on theoretical consider- 
ations which resulted in the relation 

(20) 
1 

*a 1 
Et, 

1 In 
 KC^ (1962i-5 To) (1962-l To) 1962+2 To 

The minimum ignition pressure is not affected greatly by 
changing the temperature from -50' to 300' E' (ref. 84). 
Figure 123 shows a slight linear decrease in pressure with an 
increase in temperature in this range. This decrease is in the 
proper direction to be the result of decreased quenching 
caused by increased temperature, as discussed previously. 
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(ai 2.2,4-Trimrt hylpentane in air, 2.5 percent by volume. 
(b) n-Butane in air, 3.5 percent by volume. 

FIGURE 123.-Effect of mixture temperature on minimum spark- 
ignition pressure of mixtures of 2,2,Ctrimethylpentane or n-butane 
in air. Capacitance spark; sparkplug electrodes; electrode spac- 
ing, 0.11 inch (within quenching distance) (ref. 84). 

Diluents.-The addition of a diluent to a combustible gas 
has a marked effect on the minimum ignition energy (ref. 78). 
It should be expected that the minimum ignition energy 
depends upon the absorptive and conductive qualities of any 
additive that might be present in the fuel, as well as upon the 
fuel itself. If the 
nitrogen in a methane-air mixture is replaced with helium, 
the energy increases; if replaced by argon, the energy de- 
creases. With the exception of the mettianr-ox~gc.ri-nrgor1 
mixtures, the minimum ignition energies increase with in- 
creasing diffusivity of the mixture according to reference 88. 
The  quenching-distance curves (fig. 124(b)) arr similar to 
the energy curves. 

The effects of tliluents on minimum ignition pressure of 
mixtures of n-butane and oxygen with argon, nitrogw. wr -  
bon dioxide, and helium (ref. 84) are shown in  figure 125. 
In all cases, mixtures containing argon are the most easily 
ignited; mixt,ures containing carbon clioxitle are the least 
easily ignited. Humidity, which might be consitltvtl ns a 
diluent , w ~ i k i  replace somc of the oxygen nntl rvonltl tlius 
cause higher ignition energies. This effect has not hcrn 
determined experimentally. The effect, if an?-, is p rohh ly  
small and can be neglected in most cases. 

This is shown to be true in figure 124(a). 

IGNITION BY INDUCTANCE S P A R K 8  

The difference between inductance sparks and capacitance 
The energy storrtl i n  sparks has been explained previously. 

an inductance is 
1 EL=2 Liz (21)  

u-h~re 

EL energy, joules 
L inductancv, hrriry 
i 

Mixture composition, pressure, and tempereture.-Thci 
effect of mixture composition, pressure, and trmperature on 
minimum ignition enc.rgy wit ti iriducta~ice sparks is similar 
to  t h a ~  o l ~ t u i i i c ~ l  witti t~apac~itnncc~ sparks. Howcwr.  with 

currrnt in circuit a t  instaiit of sparkiiig, amp 

Electrode confquration 
A, 

-Glass plates 

IO  

5 

2 

I 

.5 

.2 

. I  

.os 

percent by volume 

(ii) xfinimum spark-ignition cnt'rRy. 
(b) QuenrtiitiK distanrc. 

i i idu(*ti~ii~~1 sparks, much of the datu liavc been obtaiiied 
rising tlir current in the primary of a transformer as an 
iridiwtioii of the energy in  the spark gap. Since this 
method docs not give actual energies, the da ta  arc practically 
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c -i- c -t- 
I I 

1 I j l  IO 
8 

1 I 

2 4 6 
n-8ulone in butane-orypen-diluenl mirlure, percent by volume 

4~ 

F I G L - R ~  125.--Efft~t of dilumt on niiriinirirn i p i i c i u i i  prhsiirvs of 
n-butane-oxygen-diluent mixtures. ('apacit:rnce spark; tempera- 
ture, 74' to 82" F;  electrode spacing, 0.1 1 inch (within qiwnchiiig 
distance); igztition energy, 8610 millijoules (rt-f. 81). 

useless both to the ignition-system designer and to the 
researcher. Also, much of ,the data has been obtained 
with spacings less than the quenching distance. For this 
reason, no further discussion will be given concerning these 
variables. References 89 to 95 give most of the information 
on inductance sparks. 

Electrode spacing.-As shown in figure 126, the curvc of 
miriimum electrocle spacing against composition is vrlry 
similar to those obtained with the capacitanre spark (fig. 
124(b)). The quenching distances with inductani'e sparks 
appear to be slightly lower than those ohtuiiicd with capac- 
itance sparks. 

Electrode material.-The available data on inductance 
sparks indicate that, unlike capacitance sparks, ignition 
energies of flammables are affected by changes in electrode 
m~ t r>rials, El r ~ t -  t rot1 1's of p l ~  t i n  um, 11 ii.kc1, roppcv-, nli imi- 

.04; 7 ' ' 8 ' ' 9 I O  I I  12 
Methane in methane-air mixture. percent by V O l u r I M  

F1nrne 12ti.--EBt~ct of mixture cuiiipositiori O I L  riiitiiinum rli.ctrotlr 
spacing in ignition of Inethane-air mixture. Inductance s p a r k ;  
atmospheric pressure and temperature; elcctrode configuration, 
0.394-inch-diameter platinum disk and sharply pointed platinum 
cone; primary-circuit current, 1.0 ampere (ref. 90). 

rium, and iron have been used to ignite ethane-air nnd carbon 
monoxide-air mixtures (ref. 91). Decreasirig the density 
of the rlertrode material generally decreased the amourit 
of energy required to ignite the flammable mixture. S O  
separation of the types of discharge (i. e., nrc or glow) was 
mtltle; t l i t~r~forr ,  no compurison can be made with thc rcslllts 
0 1 )  I uined u i t h  the long-tluratiorl cqxwitnric*e sparks. 

Circuit inductance and voltage.-The energy stored in an 
inductance is determined by a simple relation with inductance 
and current; however, two factors that can he present may 
cause crrors in cealculntions. These factors nre the type of 
inductance used and the rircuit voltage. Sometimes, . i n  

order to obtain large energies, i t  is necessary to use in- 
ductances with metal cores, in which. case some energy 
losses occur in the core material, as can be concluded from 
the following table (ref. 92) (14 layers of inductance-core 
winding iri t w +  case): 

- ~ . ~ .  ~ ~ ~ . ~ ~ 

Circiiit ' (:ircuit I 1 Ignit,iuri 

Core of coil 1 induct- I current, encrgirs; 1 
anee, L,, 1 a, amp 1 mi1lijoult.s 1 

1 
i 

I I ! I_--- 
henry 

~ 

0. 6 
Straight iron bar _ _ _ _  _ _ _ _ _ _ _  . 15 . 8  

0. 35 

_ _  
Icntlinn 01 ivul K:LS .in4 tiir ,it .itmnspheric prcsciire ml tcinwrntiire. 
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Circuit inductance, 
L, henry 

I 
Circuit Circuit Spark- 1 

milliloules j 
potential, current, ignition 

volts ', amp e p q l r ,  a 

I '::: I 1.30 
i 0.0214 _____.__._____ 4 j 220 

I I 
I 

22; . 4  , .96 1 0.012. -. _ _  ._.._ -__. - 1  1.025 1 6. 30 

I 
lpnitlon 01 

tcmwrnture. 
8.5 perwnt volume mixture of methane in alr at atmosphrrlc pressure and 

Current type.-Whether the current is alternating or 
direct appears to have no effect on ignition with inductance 
sparks (ref. 94). 

SIGNIFICANCE OF BASIC QUENCHING, FLAMMABILITY, 
AND IGNITION DATA IN RELATION TO AIRCRAFT 

PROPULSION PROBLEMS 

The data presented show the environmental conditions 
under which ignition and flame propagation in hydrocarbon- 
air mixtures may be obtained. With a fuel-air mixture con- 
tained in an apparatus large enough to preclude quenching, 
there are practically no limits to the conditions under which 
ignition and flame propagation may be obtained except the 
concentration limits of flammability. Hence, if proper 
mixtures can be produced in an aircraft combustor, there 
should be no basic limitation insofar as ignition and flamma- 
bility are concerned in the over-all aircraft propulsion 
problem. However, practical limitations arise a t  present 
because of the finite size of combustors, the presence of 
turbulent flow, and the limited energy available from ignition 
sources. There are some areas in which more work is 
needed. The  quenching, flammability, and ignition of fuel 
sprays and mists have not yet been studied sufficiently. 
The effects of  velocity and turbulence on flammability are 
still somewhat in doubt. 

As yet, there is no unified theory that is able to predict 
quantitatively the limits imposed on combustion quench- 
jug, flammability, arid ignition from a knolvhtge the 
basic physical and chemical properties of a rombrrstible 
mixture. However, some qualitative ideas can be presented 
on the basis of present knowledge. The ideas are discussed 
under the three main types of work described in this chapter. 
Correlations of fundamen tal combustion properties and com- 
histor performance, which a t  present must largely take the 
pluw of a general quantitative theory, are given i n  sub- 
- . i " l i i i \ i i t  , t i : tpt~~rs.  

QUENCHING 

The quenching effect of walls is always present w l i t ~ n  at 

flame is enclosed by a duct. If flame propagation is to 
occur, the dimensions of the volume to be burned must be 
larger than the quenching distance a t  the lowest pressurv 
and most unfavorable fuel-air ratio encountered. Even if  
the flame is stabilized and is in no danger of being quenched 
by the walls, the dead space still exists and may be appre- 
ciable under some conditions. Thus, it should be noted t t i u t  
the full cross section of the chamber is not availuble for heat 
release. 

I n  some current tubular-combustor turbojet engines, only 
two of the chambers are fitted with spark plugs. The 
remaining chambers must be ignited by the spread of Annit. 
through cross-fire tubes. Altitude starting performance 
should therefore be adversely affected by quenching of the 
igniting flame if the cross-fire tubes are too narrow. 

Recent work indicates that homogeneous gas-phase 
quenching map also occur because of turbulent motion. 
Thus, i t  is possible that measures taken to increase turbulence 
and thereby improve mixing or extend the residence time of 
the fuel in the combustor may actual1~- result in no change 
or even a decrease in combustor performance. 

FLAMMABILITY 

A self-sustained flame cannot exist in a mixture unless the 
fuel concentration is within the flammable range under the 
given conditions. Consequently, excessive dilution of the 
burning zone with either fuel or air must be avoided. I t  
should again be pointed out, however, that flames sustained 
by a continuous ignition source such as a pilot may some- 
times exist a t  over-all fuel-air ratios outside the range of 
flammability. 

The effects of diluents must also be considered. For 
example, if i t  is required to burn fuel in an atmosphere con- 
taining exhaust products, substitution of carbon dioxide 
and water vapor for some of the oxygen originally present 
will narrow the flammable range If the eshaust products 
are hot, the increased temperature may tend to compensat e 
for this narrowing. Such qrwstions might arise, for ruaniple.. 
if a pilot flame is required to brirn in the preseni'e of recircu- 
lation from the main combustion zone of the combustor, or 
in the case of an afterburner. 

IGNITION 

Ignition in the high-speed combustor can be accomplished 
by any of the methods discussed; however, practical consid- 
erations may make some of them infeasible. For example, 
ignition by electrically heated surfaces is very inefficient 
compared with ignition by electrical discharges. Not  only 
must the mass of the heated surface be raised to the required 
temperature, but also a larger volume of gas must be heated 
because of the longer times required to attain ignition. 

Flames or hot gases can be effective ignition sources, but 
there must be available an additional ignition source to 
produce the flame or hot gas in the first place. I n  sircraft 
a t  adverse starting conditions, it may be just as difficult to  
ignite the pilot as it would be to ignite the main combustible. 
Ignition by electrkal tiischarge, therefore. appears to be the 
mo\t t c v i , i i ) i c x  nicBtlioii. 
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The ideal environmcrital conditions for ignition b ~ -  cllec- 

(1) High pressure 
(2) High temperature 
(3) Low gas velocit,y and turbulence 
(4) Location of spark in zone of best mixture composition 
( 5 )  Gaseous fuel-air mixture 
(6) Electrode spacing mailitairled a t  quenching distance 
(7) Optimum spark duration 

Obviouslj-, it would be impossible to satisfy all these require- 
ments in an  actual combustor, but any attempt to satisfy 
as many as possible would result in lower ignition energies 
and lower-weight ignition systems. 

Whether capacitance or inductance sparks are the brtt ter 
for ignition is a point for consideration. The data preseiited 
herein show that capacitance sparks can be varied readily 
over a tremendous energy range, whereas inductance sparks 
may possibly be limited to those applications where low 
energy is required. On the other hand, if the data on the 
effect of spark duration using long-duration sparks are used 
as an indication of what might happen with inductance 
sparks, there may be some instances where inductance 
sparks are superior to capacitance sparks. It appears, 
then, that a choice bet,ween the two systems depends upon 
the actual energj- required. Design and operation of the 
ignition systems producing these two types of sparks might 
be the important factor in selecting t,he t,ype of spark to be 
used. 

The fact thut there is 8 minimum contact t h e ,  or ignition 
lag, for ignition by heated surfaces, hot gases, or pilot, flames, 
introduces the possibility of an  effect of such ignition sources 
on the combustion efficiency of combust,ors that utilize 
them. If the flow rate in a given burner is fixed, 100-percent 
combustion efficiency (*an be obtained only if there is suffi- 
cient residence time for the mixture to be ignited and for the 
flame to consume t.he mixture tis rapidly as i t  flows into the 
chamber. The consumption time depends upon the burning 
velocity uiitler tlic given conditions. Therefore, if the 
required time for contact with the ignition source is ~ x c e s -  
sivel>- long, iiisufficicwt, time for burning may reniuiii before 
the mixture leaves the burner; that is, only part of t,he fuel 
may be consumcd, atid the combustion effiriency may fall 
below I00 perceri t .  

t riral discharges are as follows : 
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CHAPTER 1V 

LAMINAR FLAME PROPAGATION 

INTRODUCTION 

The ultimate goal of funtlaniciital studies in laminar fianie 
propagation is a complete knowledge of the chemical kinetics 
of the flnmr reactions. With a knowledge of the kinetics, 
t l i e  effects of varicihlcs on t h e  propagation rate could hr prc- 
tlictecl and the problems of combustion-chamber tlesigii 
could b r  approached with greater confidence. Unfor- 
tunately, however, the experimental problems involved in 
the study of kinetics at high temperatures are yet to be 
solved. Consequently, current’ studies of the combustmion 
process are necessarily conducted in terms of the laminar 
flanie velocity, miiiinium ignition energy, flammability limits, 
n i i d  qurn(-liing dietniicr. ‘I7ieoreti(!nl intcrrclatiotls that are 
i i i  ac~orcl witti t l i t .  espc~t~inirntal results inclicatc tlicsc t o  be 
funtlt~mental proprrtirs of the mixture \vlien proprrly 
~nctisiti~d. Corrcblutiolis h e t \ v ~ i i  some of these propcrtics 
t i r i d  (wgiiio pcrforniuiic*ch puraniotcm sliow tlitit t ti(> wsitlts of 
sucli studies may bt. of i~onsitlci~ut)lc practical vnliic iii tlic 
nircraft propitlsion field. 

Avuilable itifornintioii on laniinar flame propapatioli is 
suniniurizctl in this chapter. (’liaractcqistics of larninnr 
flames -the structure of tlic combustion wave niitl tlic rela- 
tion of direct, scliliercii, and sliadow pliotograplhy to that 
st’riicture-nrc consiclcred. Also discussed arr rnrtliotls of 
rnc.tisuring flamc vrlocity, dong with i . f f ~ t s  of pli>-sicd a i l i d  

cticniicwl v:iriiil)liss on flmiir vvlocity. A t t r i c t f  sitrvvy of tlic 
t ticwry of hniiiiar fl~inw propigtition is prcwriti~(l, n - i t l i  pair- 
t icwlair eini)litisis on t l i v  Scmt.iiov ( t l i c w n t i l  ni(dinliisnij l in t1  

I aiifortl-Pease (nct i\-r-pnrt ic*lv-cliff risioii inwliniiism) cqua- 
t ions for  flntnr vdoc*ity. T l i r  morr sigiiifiratit c~spi~ririir-ritiil 
vvitlww i t i  t l i t ,  c ~ > i i t  rovc~s>- c ~ o i i c ~ c ~ r i i i t i g  t I i m i i n l  :ipriitist 
t l i t fusioi inl  nicv~linnisnis is also disriissctl. Findly, csxpcvi- 
incvital (lata ant1 mrtliotls of predicting flame wlocity nrc 
sunimarizctl wit ti rvsprct to tlirir signific-anc*e niid iipplic*nt ioii 
t o  1)rnc.t i d  prol)lcms of c.ornt)iistiori. 

r .  

SYMBOLS 

’1’110 following sp i tmls  nrc itsc~l in this i4itiptc.r: 

-1 rross-sc.rtiolial arra 
.*I 
a c.x~’onPnt 
IZ,Ii” tlimc~itsioiil~~ss qiiaiititic~s 
h ,  Iic~;plit~ of I i i n i i ~ ~ o r i s  coni\ 
( ’ flurric vdocitj- cwi4iiciriit 
‘6’ cotiwntrat i o t i ,  moIc~c~irlc~s/c~rii3 
C cxponc’n t 
c, 
D diffitsion rodficicnt, rm2/src 

Avogadro Iiumbcr, 6.025 x I W 3  riioli~c~~il~~s/g-nioI~~ 

specific! heat a t  cotistatit prrssurc 

d diarnetcr 
dc0l collisioii tliiutictcr, c’ni 
E,,, activation energy, cal;niole 
f? 

I 9- 
0 
H 
I 
9 
k 
k ,  
i& 
1 

E‘ 
P 

cp 
J. 
W 
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perimrntal evidence. The bending of wburtied-gas flow 
lincs cluc to t tic prcssurc field rwcives less att crition than the 
prt~liwtirig c4'fcr.t i n  tius cliaptt~r, sitirc its c1fcc.t on flame 
veloc*itg mwsiirtmirnts is gencrully less important. 

TEMPERATURE PROFILE 

Three experimental techniques have been used recently to 

(1) Traversing with fine thrrnioroiiple (refs. 1 and '21 
( 2 )  't'ravcrsing witti very fine slit of light and dctermining 

flume temperature from rrfract ive iritlcy (ref. 3 )  
\:<) Tracing curved path of stroboscopically illumirint ctl 

dust particle and comput ing temperature from measure- 
ments of its direction and velocity (refs. 4 and 5 )  

Friedman (ref. 2 )  used a cwnniic-c*ont c ~ t l  t licrniocoiiple matlc 
by gas-welding 0.0012-ceiitinietcr plutiiiutn anti platiniini- 
10-percent-rhodium wires to traverse a very lean propane-air 
flame (flat flame on 25-cm burner; mass air-propane ratio, 
29.2; flame thickness, -=2 cm: pressure, 0.0594 atm). The 
resulting temperature profile had a sliupt. similar to that of 
figure 127. T h e  signifiraticsr of such it trmpcriit itre profile is 
as follows: At the point I,, the temperature of thc unburned 
giis has j us t  h y r i i i  to iticwnsc. twc.uiisc of t l i c  Iieiit c*onduc~tetl 

utitil t l i c  rquilil~riiim AiLrnc t cmperatiirr Tp is rraclirtl tit a 
point rP. ' l ' t i t w  t)ouiicliirit~s i irc not d t . f i w t l  cwx-tly. since 
tlir litriitiiig vtilric'.; To a i i c i  T, :irv : ippt .o i ir l i tv l  ils\-tiiptoti(dly; 
litit t l i r  c ~ o i i v t ~ r g t ~ t i c ~ ~  is very riipitl. so t l i i i t  t I N >  Imuntlnries cull 

bc c\efi~ietl wit Iiiii ~iiwrow limits of T. 
Coiisiclw f i rst  ttic p i r t  of t l i v  profiic iii \vliicli t l ie  tcnipcru- 

ture riscs from To to t i  tc'tiiporulrtrc TJ,  n tiiclt marks tlir 

determine temperature profiles: 

frorn t IIt, f l>lJllt~ rPIl~~tiot1, 'I'llt. trnlpc'ruturc r is rs  rup1tlly 

I 
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I 
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reletisc occiirs before t hc luminous zone is rctic4ic.tl. Tliis 
zone is consiclereti to begin a1 some point be~-oiitl (r%,zJ).  
Coiisequently, this rrgioii may be calletl tlir prc~lic.at zniic’. 
Tlic nuass element expands in volume, causing a 1 1  nc.cdrrti- 
tioti of h e  unburnrtl gas. On passing T3, the mass t~lemriit 
cltniigc~s from n heat sink to a heat source, mid t l i c  curvtk is 

( * O I I ( * ~ V C  towirtl thr .r-tisis (Gz<O). Ttic tcniprrntirr(. of 
bX‘ 

t l t t ’  elcriicwt coiitiiiuc’s to rise hwausc of tlie l i t a n t  evoliitiori 
from t he chemical rcwtion,  antl this rrpiori bctwwri T3 and 
TF mny thc.rcforr he called thr rractioti zoiic. 

Tlii! iiiflttrtinn poirit T3 rnny be c d l ~ t l  t l i v  igriitioii t o i i i p ~ i x -  

trire, hiit i t  is tlistiriguishctl from the spori t i i i i t ,ous- i~i~i t i (~i~ 

temperature determined in a static system (see ch. I11 i ~ i i t l  

the appendix), wherc the ignition-delay time may be in3 t o  
lo8 times the period required for the element to tmvcrsr t l i c  

preheat zone of a stationary flame. Tlic temperatrirtb T3 
may be calculated by numerical integration of thcort.tical 
equations for simple decomposition flames such as the et h.1-1- 
ene oxide flame (ref. 7)  or deterniinetl approximately by 
careful temperature traverse of the reaction zone by one of 
tlir methods ment,ioned previously. 

Ttiv rrlntion of clirrct, shadow, antl sc.hlic~rc~ri imnKos to  
t t i i a  ti*iiili(araturc. profilv is tlismssrtl i n  tlir followirig sc.c,t ioiis. 

Wtiilc tlifferriiccs iri  t i i t !  famr areas tletc~rniinctl by t l i c w  

ttirw typcs of tlunir photographs are pcrtiiiwt to c i i i? -  n i t ~ r l i o i l  

for nicnsuririg fIimi(> vcslocity, most of ttic discwssioii is givori 
in terms of the inner ~ o t i e  of B Bunscn burner flame illustrated 
i n  t Iiv following s k c t d i  : 

L I I 

Jnburned 
9 0 s  
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bastd on the  inner edge of this ZOTie. It has since been 
c~stnblisIicc1 that the cntirc lumitious zone (inner cone) lies 
t i t  a tciiiprriiture w r y  near tlie niosinium, or flnnic tenipcrn- 
turc, as rcprcscntcd by the region (4) adjacent to inflection 
point (3) in figure 127 (refs. 1, 10, arid 11). Before reaching 
this zone of high heat release but' small temperature gradient', 
the gases experience preheating that causes expansion and 
lwnding of the flow lilies. As a result. a flame surface 
chosen at any point in the luniinous zone is too large for 
flame relocit\- measurements, which arc traditionally referred 
to tlie unburned-gas AOW. 

Therefore, direct photographs, wliich are the easiest. t,>-pe 
to obt,ain if t,he flame is sufficiently luminous, produce a 
surface larger than the cold gas surfuce and may indicate 
erroiieously low flame velocities. 

Schlieren image.-When schlieren photography (refs. 1, 
4, 8, arid 10 to 13) is used, a surface is found that has a 
temperature much nearer that  of the unburned gas. The 
schlieren method also has the advant'age of a sharply 
defined surface (tig. 128(b)) as compnred with the less dis- 
tinct inner edge of the luminoi~s zone or the comparatively 
fuzzy outer edge of the shadow cast by tlie cone (fig. 128(c)). 
III the most conimon use of the sclilitsrcn nictliod for flame 
velocity nieusurements, the flame is pluccd ill the paralld- 
lwnm section of n Z-type, two-mirror (or lens) schlieren 
sj-stcni. h knifc ctlge, placed a t  tlic focus of thc second mirror, 
is advaiiccd into ttic image of the fiiiitc light sourw so that it 
c u t s  out approximately half the light. The light pnssiiig the 
knife edge penetrates the objective 1ws of the  ramera, 
\vliicli hriiigs tlic flanic iniugc into fui.(is. Tlic clciisity 
p t i t i i r l i  ts i i i  t h e  flunir wuse t l i c  light I X ~ S ,  ivhic,h tire pitrallrl 
i t s  they learc the first niirror, to tw r r f r i w t d .  1,iglit rays 
rrfractrtl iii a dircc.tioli pcrpeiidiculur to  the knifc edge by a 
positive dciisity gradient arc' h i i t  uway from tlir  knife edge, 
uiitl an incrcase i n  illulninatioii ut t l i v  rorrq)oiidi[ig poiiit 
i n  t t i v  flamc-iniiigr plaiic results. On t l i e  o t h r  t i u [ [ ( l .  t i  

ticgttti\.v dvrisity gruclicin t results in c l t w c w d  iltiiniiii~tti~iii. 
Tlirls, t l I ( 1  hriglitcst portion of t l iv  flunic ini:igr c*i~rrrspoiitIs 
to t h r  niasilnuni o p t i d  clonsity g r u h i i t .  wliicli for d l  
pixvtic*ul plirpos(Bs 11ii1?- I){) itlciitificntl wit t i  t l i i ~  1iiiiss (leiisit?- 
grtulieiit. Siiirt, t I i ( 3  cltbiisity p is iiivt-w>ly pr01)oi.t ioi i : i I  to 

t h c  aI)soIutcx trnipcraturo T, i t  follows t l i t i t  

This expression sliows that the maximum of the density 
gradient (flame cone edge given by schlieren image) docs not 
coincide with the maximum of ttie temperature gratlierit 
represented by inflection point (3) in figure 127, but o t ~ u r s  
at a considerably lowcr temperature rcpresrntcd by point (1). 

Eupc~rirncrital rcriticntion of tlic upplicthlit?- of tlie 
h(4ili(irwi stirfnrcs for nirt's\ir1tig llanic vvloc-ity, iiisofitr i i s  tlie 
hcnding of fiow lines due to  t(mprrn(urc is wiiccrrwtl, lias 
twrri obtained i r i  several wnys. Broezc (rvf. 1 1 )  invc~stigatrtl 
t l i c b  tcmperature gradient nrar tlic sc.lilic~rc~n lmllli(lttry 1)y 
introducing smoke into the unburned gas. Bmnioriinrn 
chloride, which decomposes a t  320" C, and zinc oxitlc, which 

sublimes st 1800" C, were used. The ammonium chloride 
track disappeared about 1 millimeter before it reached the  
luminous zone in u butane-air flame a t  atmosplieric prowirv 
The point of disappearance coincided with the edge of tlic 
schlieren image. The zinc oxide smoke showed a sharp drop 
in density about 0.1 millimeter beyond the schlieren edge. 
Thus, the temperature gradient is very steep in this vicinitj-. 
TAewis and von Elbo (ref. 8, p. 254) similarly found the prc- 
heat zone of a natural gas flame to be approximately 1 milli- 
meter thick by using stannic chloride hydrate smokc, which 
disappears by dissociation of the hydrate beginning at almut 
83" C and reappears as stannic acid nfter passing tlir r- 
action eone. Klaukens and Wolftiard (ref. 1 )  studied the 
reaction zone of flat acetylene-air flames at low pressures 
using luminous and schlieren ptiotographs and thcrino- 
couple traverses, with qua l i t a t id>-  si~uilar results. For 11 

flame at 15 millimeters of mercury, tlie maximum density 
gradient corresponded to a temperature of 200°C, whereas the 
maximum luminosity corresponded to a temperature near 
the maximum temperature. Reference 4, reporting studies 
of the tracks of stroboscopicdly illuminated particles of 
magnesium oxide, and reference 13 adtletl further confirma- 
tion. The majority of investigators lwlicve that scli1irrc.n 
pliotography gives the iniage best suited for flarne rclocaity 
measuremen ts. 

Shadow image .Shadow pliotograplrp (fig. 128 ( c ) )  has 
1)cen iisctl vonsidcrd)ly i n  rccordiiig fltmic vrlocity (lata. 
The optical setup for a sliadow system is simpler than that 
for u sclilieren system. In tlic simplest form, a point source 
of light is placed on one side of tlic flame and the filrn is 
p 1 t L c x d  011 the otlirr sitlc. Slidow photographs nr(l &o 
ohtained by the parallel-Iwnm method, in which casc t h c  
carncra is focsrised on a plulic betwceri t h c a  flame and thc 
wcorid mirror (real s l i~dow image of the flame). 

Formcrly, many invcstigators bused thrir flame velocity 
ni(~asurcin(mts on the inside edge of the sliadow cast Iiy the 
 con(^, but it lias since Iwcn tlvnioiistratcd tl icit  tlir outside rtlgc 
of  the slititlow should be used. In rcfcrcncc 14, calculations 
wcre made of rcfractioris of parallel rays for u simple flame 
inotli4 i n  wliicli thr flnrnc surface of the inncar cone was (-on- 
, i t I ( w i l  tis :I, tliscoiitiriuit-v bctwrc1n the cold urlburlircl eiis 
;nid the tiot lnrn(vl  gas wittiin the outw Innntlc. Conitalit 
rcfrwtive iiidircs of 1.0003 for the uiiburried gns ant1 t lie 
rsteriiul atmosplicw and 1.00004 for thr burned gns \\ ('rr 
assumed. The calculations showed that the flame deflected 
the rays in si1i.h a way that  a caustic curve of high light 
intensity was formed. The distan'ce of the caustic (repre- 
scntcd by thc sliarp ticmarcation between black and white 
at the inner edge of the shadow in fig. 128(c)) from tIic flnme 
axis decreased with increasing distance of the shadowgraph 
object plane from the flame in a manner similar to tl int  
ol,wrvrcl cxpcrimcntally ; whcrecis, the 011 trr  d g c  of t tic 
sliti(lou c.orrc+pond(vl vlosrly to tlic positiorl of !lie (lis(-oil- 
tinriity i n  rc.fractive index rrprcsentcvl by- tlic flanie con('. 
I I (~ncc ,  flame velocities based on the inner edge of the sliutlow 
tin' c*rronroiisly high, but tlic error decwtrscs US the distnnc-e 
brtwrcri tlic flame and the sliadow object plane decreasrs 
a i i d  tipproaches zwo a t  zero distance. 
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Reference 14 states that  the sclilieren image of a flame is 
rsactly coincitlcnt m i t h  the outer rdge of t l i c  shadow cone 
obtitietl with parallel light; thcreforc, thcl two nictliocls 
should give the same values for flame velocity. Ho\vever, 
the outer edge of the shadow is not clearly defined, whereas 
tlic inner edge is very sharply (fcfiiied. The  tlesirability of 
using this sharply defined surface has led some investigators 
to take shadowgraphs a t  several distances from the flame and 
estrapolate back to zero distance (refs. 14 and 15), crhile 
otlicrs liave computed correction factors for fixed positions 
(rcfs. 14 arid 16). 

In  summary, i t  may be said that the schlieren iiiiage repre- 
sents a surface near the start  of the preheat zone, whereas 
the luminous zone represents a rrgion in the reaction zone 
nt temperatiirrs just below the flame trmprrature. 

FLAME VELOCITY 

METHODS OF MEASURING 

Stationary flame or burner.-The first attempt to measure 
flame velocity was made by Bunsen (see ref. 17, p. 66j, who 
determined the flow velocity through a burner at which the 
flanie would just flash back, so that the flame velocity was 
equal to the flow velocity. This method is accurate only 
for a flat flame, wliic4i in turn is obtnincd only when the 
strewn velocity is constant over the burner-mouth cross 
section. Flat-flame burners have been developed (refs. 18 
and 19) but can be used only for flame velocities less than 
15 01 20 centimeters per second. Therefore, these burners 
nre of little interest for most flume velocity stutlics. nlthough 
tlir Aut flame is ideal for studying flame structure, arid the 
method may be useful in defining lean flammability limits. 

The majority of the burner methods employ the inner flame 
colic' (fig. 128) obtained above vertical tubes or convergent 
nozzles, which give a more nearly conical inner cone and give 
the same rcsults as cylindrical tubes when compcirahle metti- 
ods of measurement are used (refs. 4 and 10). Tubes em- 
ployed in such studies are of thc order of 1 centimeter in 
tliameter and are more than 40 diameters in length to cnsurc 
lnminur flow. It is generally. found that the mean approncli- 
stream vc>locity does not affect the results as long as the 
flow is laminar and that burner diameter has no effect until 
the quenching diameter is approached (e. g., refs. 8, p. 459, 
and 16 and 20; for contrary results, see ref. 21). 

The methods of measurement of burner flames are varia- 
tions or modifications of either the total-area method (ref. 22) 
or the angle method (ref. 23). I n  the former, an  average 
flame velocity for the entire cone Up is obtained by dividing 
the volumetric flow rate of the unburned gas V,l by the sur- 
fare area of the cone S,: 

wliwe the space mean velocity of the approacli flow iii the 
tube Uo,m and the flame velocity U, are in centimeters per 
secwnd, l',, is in cubic centimeters per second, and Sp and 
;I,,,, arc i n  square rrritimeters. The  area S, is usually 

computed by assuming the flame coiie to be a right cone. 
I n  ttic cwly stiidivs, Sp \VIIS oftcn cwnputed from the height 
of the Iuiiiiiious coiie b,  i i i i t l  the  radius of either the burner 
tubr or t lw actual flame base rruoe by the equation 

One siniple method of computing SF avoids the necessity of 
clioosiiig 1)et~veeii tlic burner diunictrr aiitl the actual flame 
tliumc>tcr, n - h i c a l i  varies with both nicthotl of pliotogi~~ptij- 
uiitl approncli-flow coiiditioiis (ref. 24):  

n-here 
AP 

1 

area of projected image of flame niecisuretl by pliuiitii- 

eter, cm2 
length of curve that generates Sp when rotated about 

tube axis (corresponds to slant height of right cone), 
cm 

When the assumption of a rigtit conical shape beronies poor. 
graphical methods may be used (e. g., ref. 25). 

In the angle method, a local flume velocity is computcd 
from the local approach velocity ro arid the aiigle a bet!!-wri 
the  direction of the approach flow and the burnirig surface: 

1 - F -  1 ,  sin a (3) 

The approach velocity l--,, is usually computed for a given 
position along the flame by assumirig that the  approacsti- 
velocity distribution follosvs tlie Poiseuille eqiiution (ref. 8,  
p. 2-15) 

wliwe r l U e c  is the tube rtitlius (cni). t i l i d  r is the d i u 1  distance 
from the tube axis to t t i c  flitrrir siirfwe (elm). In some i i i -  

stances where convergent nozzles have h e n  U J ~ ,  uppnrent 
flarnc vc4otities have I~erri c - n i i i p r i t d  on the 21ssuniption that 
ttic approach velovity C-o \vtis (mnstiiiit over tlie rritire C O I I C  

n n t l  equul to Su(*li u i i  :issuinptioti coulci 
result in sigriificunt errors, since locul \ - t h i s  i t  ics over the 
central portion of a nozzle r i i ; ~ . ~  be us  niric-li 11s 20 percent, 
higher than because of the Imiiritlary-liij-cr rffect (ref. 
16). 

The chief advantage of 1)uriic.r nit*tliocls is tliut the equip- 
ment is simple, flexible, relatively inexpensive, and easily 
adapted for measurements a t  varying temperatures and pres- 
sures and with imposed flow disturbances (ref. 2 6 ) .  Burner 
methods have also been adapted for convenient use with nor- 
mally liquid fuels (ref. 27). Furtliermorc, there are obvious 
advantages i n  having a rentlily obscrwtl stat ionary flame. 
Oricl tlisatlvantagc of burlier Inetliotls is that, ditfusioiiul inter- 
change wit,h the surrounding atmosphere alters the fuel- 
oxidant ratio, so that the flame velocity observed ma>- not 
represent the measured fuel-air ratio. Diffusion may also 
lead to instability, evidenced by a fluted or polyhedral flame 
(refs. 28 and 29). This instability might be remedied in some 

((1. g., rcf. % J .  
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cases by using a split-flame (Smithells separator) burner, 
which allows the gases of the outer mantle to burn on an 
outer concentric tube (ref. 30);  however, such a moclifica- 
t ion complicates the photography. Other problems result 
from the complex flame shape, which directly complicates 
the area method and indirectly affects the angle method. 

The main objections to the area method are as follows: 
(1) The flame velocity near the base of the cone is reduced 

by the quenching action of the burner rim, and the flame 
velocity in the region of the tip is increased by  accelerated 
heat and active-particle transfer that results from the small 
radius of curvature. Hence, the average flame velocity 
may not be equal to the flame velocity for a plane flame. 

(2) Sonic small amount of gas may escape through the 
dead space (fig. 138(a)) between the flame base and the 
burner rim, tending to make the measured CF too large. 

(3) The method makes the choice of the proper surface 
(inside visible, outside shadow, or schlieren) to be used for 
computation very important, particularly for small flames. 

The errors due to (1) are minimized if the method is re- 
stricted to gas mktures  and flow rates that yield nearly 
conical flame shapes and to burner tube diameters above ap- 
prosimatcly 1 centimeter (refs. 10 and 20). The error clue to 
(2) is probably small, as evidenced b y  the lack of a discernible 
separation between flame base and burner rim in most 
sc*lilieren photographs. These errors may be reduced some- 
whi t  but not climinsted by using only a frustum area from 
the middle portion of the cone (ref. 8, p. 464). The volumet- 
ric flow passing through this portion of the flame is computed 
by assuming Poiseuillc flow (eq. ( 4 ) )  up to tlir chosen flame 
surface. The flame vrlocity is therefore computed by 

where r, and r I  are the radii of the upper and lower bases of 
the frustum (cm), and s is the slant height of the frustum 

The frustum-urea method still requires the c1ioii.e of the 
proper surface in  order to rliminute flow-line bending due to 
teniprrature rise. In addition, since only a part of the cone 
is considered, it may be even more important to consider 
the redistribution of unburned-gas flow due to the pressure 
field set up by the flame (refs. 8, p. 257, and 31 and 32). 
The volumetric flow computed by equation (4) does not 
correspond to the surface computed. Even disallowing the 
differences of (1) and (2), the result is different from that 
obtained if the total area is used. Further refinement may 
be made by  using a rectangular burner in which the larger 
dimension is at least three times the smaller dimension, thus 
rrdwing the e f f w t  of flame cw-vaturc wlien tlie Aamct is 
viewed parallrl t o  the largcr dimt.Aon (ref .  33) .  

In the angle method, the bendings of the flow lines due 
to (1) the tcimprrature rise and (2) the prc’ssure f ie ld arc 
again the main problems, whether the more common cylin- 
drical tubes or rectangular tubes are used. The temperature- 
rise problem is again solved by choosing the proper surface 
corresponding to a low trmpwature. The pressure-tield 

(cm). 

problem might be solved by using the particle-track method. 
The latter method is a good solution, if the approach-flow 
conditions are measured far enough upstreani to uvoicl 
pressure-field effects and are then properly related to a point 
on the flame surface. Inertia effects connected with the 
particles must also be taken into account. Investigators 
who have used the particle-track method apparently did not 
take full advantage of its possihilities with respect to the 
pressure-field effects. Although reference 8 (pp. 254-25;) 
presents photographs showing tlir bcriding of flow lines due 
to the pressure effect, Or and L ‘ A . ~  were probably not 
measured far enough upstream when flame velocities \vere 
computed from the equation 

where 

UA mean velocity for stream tube bounded by  the two 
flow lines considered, computed for Poiseuille flow at  
plane where dr  is measured, cmlsec 

d r  distance between flow lines at a poiiit far enough 
upstream to avoid distortion due to pressure, cm 

dl length of flame boundary between flow linrs, cni 

In  reference 4,  thc niigle between the direction of t l ir  particle 
track ahead of the preheat zone and the surface of tlie lumi- 
nous zone was determined a t  the point wherr the track 
intersects the luminous zone, but measurements probably 
merc not made fur enough upstrram to determine the direc- 
tion of the partide track. 

A stationary flame method that is of interest by analog>- 
to flamvs supported on  a flarncltoltler is the  ir;verted flanie 
or V-flamc nirtltoti (rtbf 8, p 2ti8 and refs 34 to 36). I n  
this method, the flame burns  above the riid of an nsially 
morinteil wirc i i i  t t i r  form of uri invwtcil r m i r  or al)ovr a 
liorizontal \vir(’ or rod o w r  the tithe port i n  t h r  form of ii 

two-dinwrisionul V An apptlrerit flame vt4ucbity mcty be 
tirtrrminwl h v  riirusrirrrig t h e  Hcinir wiglib nc:~r t lie flmir- 
liol(lrr tin(1 rrlritiiig i t  to i~ l o c * i ~ l  vt4oc*lt>- w t l t 1 i i  t l i c  t 1 t t ) c l  ot 
tl iut  c l i s t n i t ( ~ ( ~  from t l i t >  m i \  (ref. -1.j  u w i t  (vis r.j I uil ( l  14 I I 

T h e  rrloc4 ii.3 obt i i i i i~d  in suvh  u manner tire far from true 
f a m ~  v c h i t i r s ,  t)crt~use t tie finrnc thrust raus(’s u .;tiong 
o u t w d  deflection of the flow lines in tlw uncontirirtl un- 
burned gas tipproacliing the flame. Bctter values for flunie 
velocity could be (let ermined from inverted-cone or V-flames 
by the particle-track methods described prrviously. 

Gross (ref. 36) used the V-flame in connwtlori wi th  u 
stationary flame method that employs an entirely different 
approach. Flame pressures were measurcd by traverses 
of t h r  fliimr front of a V-flame with B tot:d-prwsiIrv tutw 
c w i r i c a c s t c d  1 0  11 mic.roiiinnoni(’tcr. I ~ l t ~ i n t ~  t t w j i v i  :it i i i  cas w i w  
mcasurcil with n platinum aiitl pltit i r i r i r n - 1 0 - l ) c ~ r c ~ i ~ i i t -  

rhodium tlirrmocouple. Flame velocitirs wcrc  tlirli cwn~puteii 
by vomhiriirig tlic equation for consrrvation of niomriitiini 
across a plane, steady-state combustion wave 
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and the total pressure for incompressible, inviscid flow 

P'=P+($) 

to obtain the equation for flame velocity 

where p is the static pressure (dyiies/cm*), p r  is the total 
(stagnation) pressure (clynes/cm*), antl p is the dcnsity 
(g/cm3). The disadvantages of the method arise from the 
effects of the total-pressure tube on the flow and the flame, 
the corrections that must be applied to total-pressure meas- 
urements a t  low velocities, and the difficulties in calibrating, 
operating, and maintaining an ultrasensitive pressure meter. 

Others (refs. 8 and 37) have computed flame velocities 
from equation (7) by  assuming pF to be equal to the ambient 
pressure in the room. Vasilesco (ref. 37) points out, how- 
ever, that pF is in reality smaller than p a ,  and that corrections 
must be added to the measured value of p , - p a ,  (the cor- 
rection may be several times the magnitude of the measured 
p3-pa,,,).  Thus, agreement between values computed from 
equation (2a) and from equation (7) for p F = p a ,  that were 
reported by von Elbe and Mentser for acetylene flames 
(ref. 8, p. 266) may be a fortuitous result of the choice of 
the method of equation (2a) for the calculation of flame 
velocities. 

All things considered, the total-area method with schlieren 
photography is the most easily executed and reproduced 
burner method and is probably as accurate as the more 
complicated methods. 

Transparent tube.-If a horizontal transparent tube 
having an inside diameter greater than the quenching di- 
ameter and a length of the order of 1 meter is filled with a 
homogetirous combustible gas mixture, which is then igtiitetl 
(preferably by another small flame) a t  one end of the tube, 
a flame will travel through the tube. By placing suitable 
orifices at both ends of the tube to reduce reflected pressure 
waves, a uniform linear flame movement over a good portion 
of the tube and a flame of constant shape for that portion 
may be obtained (ref. 38). The linear velocity of uniform 
movement is determined either by timing the passage of the 
flame between two detectors such as photocells or ionization 
gaps or by photographing i t  with a rotating drum or movie 
camera. The flame velocity is calculated by a total-area 
method from the equation 

wlirrr 
f 
7 

lirirsr vclocity of uniform f h i c  niovcmciit , ( m / s w  
vrlocitg of unburned gas aticatl of fltime (detc.rminec1 

by allowing gas pushed out of tubr to blow a soap 
bubble, ref. 38) ,  cm/sec 

The setup required for the tube method is simple and in- 
rxperisivc, with the possible rxceptiori of the timing deviccs; 
t h r  nicthod requiros vt'rx sniull quunLitics of f r i i d  c w i r i p " ( 1  
n 1 1 1 1  hiirrivr tn(Lt1ioii'i 'l'li~, in~~iI io(1 I\ trifinrioi. t o  I l i i ~  i)lii n i s r  

method for absolute flame velocities because of the greater 
difficulty in determining SF from the more comples flame 
shapes, which, partly because of the necessity of using direct 
photography, are rather arbitrarily defined. Wall effects 
are also unknown or difficult to ascertain. Since the measure- 
ments are made in a quiescent mixture in a transparent 
tube, the method is less readily adapted for measurements 
a t  pressures or temperatures other than room conditions 
than is the burner method. 

The tube method shares with the bomb and soap-bubble 
methods the advantage that the flame is not exposed to an 
external atmosphere, and as a result determinations may be 
made over a slightly wider range of compositions (ref. 39). 
I t  is believed that relative flame velocities or trends indicated 
by the method are as good as those obtained by other meth- 
ods when a consistent and reasonable means of determining 
SF is used by a single investigator (provided that wall 
effects, particularly chemical effects, may be neglected). 
T o  this end, a simplified equation for determining SP for 
the flames, which usually take the shape of semiellipsoids, 
was presented in reference 40: 

where rtir is the radius of thc circumscribed circle about the 
projected flame image (cm), and rmJ is the radius of the 
inscribed circle (cm). 

Soap-bubble or constant-pressure bomb.-In the soap- 
bubble method (refs. 41 to 43), a homogeneous combustible 
mixture is used to blow a soap bubble around a pair of 
spark electrodes. The mixture is spark-ignited, and the 
growth of both the sphere of flame and the soap bubble is 
recorded by a rotating drum or movie camera. The flame 
velocity is calculated from 

where r,, is the initial radius of the soap bubble (cm), and 
r,,. is the final radius of the sphere of burned gas (cm). 

The method is simple in principle and offers (ideally, a t  
least) the desirable feature of a spherical flame shape. 
Since the final flame diameter is rather large (10 to 20 cm) , 
the type of photography used to define the flame surface is 
less important than with burner or tube methods. On the 
other hand, the experimental difficulty in determining rlrn 
is considerable because of afterburning and the possibility 
of nonspherical flame growth due to (1) gravity effects when 
slow-burning mixtures such as  paraffin hydrocarbons and 
air are used or (2) nonisotropic propagation (wrinkled sur- 
face) when wry fast-burning mixtures such as hydrocarbons 
antl oxygen arr used (r lc 43). The spark-ignition syatrm 
should be investigated to aroid effects of spatial velocity 
(rtif. 43). Water soap bubbles cannot be used where water 
has an apprrciable effrct on the flame velocity; in this case 
special glycerin solutions may be used for the bubble (refs. 
42 and 43). In  either case, diffusion through the confining 
film and the effects of the components of the film on the 
biirnitig pocc.ss must be consitlercd. -1 recent improvenient 
o f  t Iio i i 1 i . t  hoi l  I S  1 hi, I i w  111' , 1 7 1  iuiw I I i i i ~ ~ ~ ~ ~ l i i w  m i i i i i d  I ( I C  
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bubble to eliminate nfterburning (ref. 42). The mctliod 
may be used CL t various pressures by placing the sonp-bnhblc 
equipment within a large pressure-controlled chamber. 

Constant-volume bomb.-In the constant-volume bomb 
method (refs. 8, 44, and 45), the combustible mixture is 
ignited in the center of a rigid spherical vessel of the order 
of 30 centimeters in diameter. Photographs of the growing 
sphere of flame and one or more continuous pressure records 
are obtained simultaneously. As the flame progresses, the 
expiinsion of the burned gas causes both the pressure and 
temperature of the unburned gas to increase because of 
adiabatic compression. The temperature increase causes 
the flame velocity to increase continuously from the center 
toward the walls. 

The flame velocity mag be calculated by two methods. 
In  the first, for any instantaneous flame diameter observed 
from the photographs, the volume occupied by the burned 
gas before combustion is calculated with the aid of the pres- 
sure record. The equation for U, derived from the differ- 
ential equation for adiabatic compression is (ref. 44) 

where 
rb bomb radius, cm 
rF 
p 
y 

flame radius a t  time t from pliotogrnpli, cm 
static pressure a t  time t ,  dynes/cmz 
ratio of specific heats in unburned gas a t  instantaneous 

conditions T and p 

In this method, two differential quotients are rcyuired, nnd [> is obtained as a tlifl'crcwce of quailtitics of  comparable 
magnitude, so that errors in  these differeiitial quotients niid 
other data are magnified. A 10- to 15-percent scatter ill 

data may result (ref. 8, p. 476). 
The secvnd method uses only the pressure recoyd, from 

which rp is calculated, and may be verified by the observed r,: 

where 

and 

where p ,  is the initial static pressure before ignition (dynes/ 
cmz), and p, ,  is the final equilibrium pressure after the gas 
has burned (dynes/cm2). 

Lewis and von Elbe (ref. 8, p. 499) present an example of 
a CO-02-H20 flame for which the calculated rF is corisistently 
about 1 percent higher than that observed. Thej- state 
that  even this small difference is partly due to the error ill 
observed rF, which results from the use of direct photography 
to locate the flame front. 

The experimental advantages of the bomb method are that 
it allows good control over the initial temperature, pressure, 

TABLE X.--CO1\1PXRISON OF XfASIJIV3I  FLAXIE VELOCITIES D E T E R M I N E D  BY VARIOUS AlETHODS 
[Propane-air a t  25' C and 1 atm.]  

- 

1 Equivalence 1 11au. flame I 

I 7 P m o z ,  ['P ma=, 

P m a r  1 cinIwc 

1 

I 
Type of photography ~ Tube diani., drub. ,  cnt ra.titlo for kelocity, 1 Reference 

I 1 

' Burner: 
' Total :wra (eq. (2b)) _ _ _ . _ _ _ . I  Schlieren.-. ._._._._._._.___._._.' 1.26 ______._._._.__ 1 1 06 '{ :$ I} 49 I 

I Method I 

I ~~ 

I 

I 

.lnglr. r r l u h .  i n  const. veloc- Schllc~rcn.. . _._. ~ _..__ . . - I  I 358. _._. .__ - ._ 1 1 08 a 1 3  2 118 .. . 

16 ity ranyr. I 
Total &rea ______._._.___.__ Shadow, outer rdge ___._.____._. - _ _ I  1.57 ______.. ._._. ._I  I. 12 i 40. 2 ' 
Totnl ar ra- .  -. ..~. ... __.-._) Shadow, inner edge with extrspola- 1.27 (tube or nozzle) 1. 03 1 45. 5 j 4, 15 ! 

tion to flame axis. 
Total area _______._____.___ 1 Shadow, inner edge _._.___._.___._. 
Frustum a r m  including cone 1 Shadow, inner edge ._.___.__._____. 

Frustum area, rectangular Dircct, inner luminous edge_--- - - - - . 
Frustum area.. ___.._._.. .. .I Direct- - __._.___._.___._.________ 
Frustum area ._.____ ._____.. 1 Direct- - - - _ _  _ _ _ _ _ _  - ___. _. _ _  _._ - - - 
Total area (eq. (2b)) ____._.. Direct, center of luminous zone _ _ _ _ .  
Angle, a t  0.36 to 0.51 r I u b  ,-.. Direct-- _______._____.._____---.. 
Angle, a t  common point-----  Combination of direct and shadow-.. 
Particle track- - . . . . . -. . . , Stroboscopic direct-. - __._ ._ _. -. ~. . 

tip. I 
burner. I 

1.5; _ . _ _ _ _ _ _ _ _ . _ . _ _ I  1.12  
. . . . . . . . . . . - . . - . 1 ( 1 . 0 5 )  

0.65X2.55 ___._._. ~ 1 , l . O  , 
1.36. -. -. 

1.57 _ _ _ _ _ _ _ _ . _ _ _ _ . - I  1. 1 

-. . . -. - .' 1. 07 
0.94 _______.___.... 1 1.05 

15. 4 16 
46 .7  I 47 

I '41 2 . - . - - . . 

' 4 1  5 I 119 
'16  3 8 

38 I 16 
' 4 3  3 I 119 
'18 5 
-15 0 1 - 1. i 5 - -  

I I I I I - ! ____ 1 
* Fxwt tcmprature not speclflkd hut a " d  to bc IS' c. 
b + h e r  d#~termln8il<,ns lor ~tolchlnmclrlc ntlxtures do not reprrsent maxlmoms, hut are probably lower thnn the maxlmums hy no more thon 2 cmlscc. 
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and humidit? of the unburned gas and it requires only small 
amounts of gases, Its disadvantages arc that the apparatus 
is coniplcs, tlie ciilculatioiis a r c .  lriigthy and tlc~prncl on w r y  
rapid arid accurate pressure measurements, and the flame 
velocity varies continuously during a run. The spark-gap width 
and energy must be properly matched to obtain spherical 
flames (ref. 45). While the pressure-record method largely 
eliminates errors due to convection currents for slow-moving 
flames, there is still difficulty with nonisotropic propagation 
with verv fast flames or in mixtures that sliow diffusior~ 
instability (tendencv of flame front to break into cells be- 
cause of concentration gradients set  up by preferential diffu- 
sion of the lighter components of the mixture). 

The bomb method, using only the pressure record, may 
prove to be the most accurate method for determining flame 
velocities; as such it could be used to establish absolute 
values of flame velocities, which could in turn be used to 
appraise the accuracy of simpler burner methods. 

Evaluation of methods .S ince  there are large differences 
in flame velocities reported by various investigators for the 
same fuel-oxidant mixture a t  the same conditions (table X), 
those who wish to compare data from various sources must 
use caution. For a given experimental method, particularly 
the various burner methods, measurements that arc made 
from schlieren photographs are probably nearer the true 
flame velocity than measurements based on direct or shadow 
photographs. Of the methods for measuring flame velocity, 
the constant-volume bomb method (using the pressure record 
only) may prove to be most precise ( = I  percent). In  
general, Bunsen burner methods are the simplest, cheapest, 
most versatile, and most productive. Of the various 
burner methods, the total-area method is probably the 
simplest, has a precision a t  least as good as the other methods, 
and has an accuracy comparable with most of them. The 
tube, soap-bubble, and bomb methods are particularly 
good under conditions whcre their disadvantages are unim- 
portant for very small quantities of,giises. Unless otherwise 
stated, a precision of & 5  percent is about the average to be 

2 0 4  .6 .e I O  12 1.4 
Equivalence ratm, Q 

2 0 4  .6 .e I O  12 1.4 
Equivalence ratm, Q 

FIOURE 129.-Change in relative flame velocity with equivalence 
ratio at 25" C and 1 atmosphere (ref. 38). 

expected when a single method is used by a single irivtasti- 
gator; this fact should be kept in niiiid when consitlrring 
rc4titive cliiiiigc.~ i n  flumc rchc8itic.s or c.oniparisons for 
various fuels such as those given i n  tlic appendix. 

Dam Stream flow j 1 1 1 ' ) { I \  
Burner mn' Reynolds number 

o lube  15.7 2100 
o Tube 15.7 1500 
A Nozzle 12.7 2300 

-- 

'97 8 .9 1.0 1.1  1.2 1.3 1.4 I 5 
Equiwknce ratio, rp 

FIGURE 130.-Flame velocity as function of equivalence ratio at 
various initial mixture temperatures for proparip-air flnniw : I t  1 
atmosphere, measured by outer-shadow-edge total-nrea burrier 
method (ref. 16). 

I I , -- 
~ Mole fraction 

1 of oxygen, - 
_c 

0 ,  2 4 0  

I 
- ,  

0 ,  1.349 I 2 0  I 
0 I 

40 

1 1  
L - - . 4  - 3 

1 s i ' "  .e .9 Equivalence I .o ratlo, Q 1 . 1  1.2 1.3 

FIGURE 131.-Flame velocity as function of equivalence ratio over 
range of oxygen concentrations for propane-oxygen-nitrogen mix- 
tures at 811" K, measured by schlieren total-area burner method 
(ref. 48). 
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Hydrocarbon 

EFFECTS OF CHEMICAL VABIABLFS 

I n  the present surve?-, flame velocities arc reported as 
rclstive viilues reft,rrcd to sonie staridard fuel-oxidant 
mixture 01' condition. This is done in the belief that in 
many cases one investigator using a given experimental 
technique may correctly determine the trend or relative 
change in flame velocity as one particular variable is 
changed, even though some characteristic of his technique 
makes the absolute values questionable. Except when 
otherwise noted, a reference flame velocity of 100 is assigned 
the fuel-tiir mixturc tliat tins the composition for mnsimurn 
flame velocity, a11 initial tempcraturc of 25' C, anti an 
initial pressure of 1 atmosphere. 

Fuel-oxidant ratio.--4s the fuel-oxidant ratio is increased, 
flanie velocity passes through a maximum a t  an cquivaleiice 
ratio 9 (fuel-oxidant ratio dividcd by stoichiometric fuel- 
oxidant ratio) between 1.0 and 1.3, as shown by figures 129 
to 131 and the appendix. The curve of flame velocity 
against equivalence ratio is more or less symmetrical about 
this maximum, for which the equivalence ratio will be 
called qnar. This cpmnaz is somewhat a function of the method 
of measurement; the pmaz determined by the tube method 
is usually larger than that determined by the burner method 
(e. g., see ref. 12, anti compare data from refs. 46 and 47) .  
The value of +om.= tends to shift from slightly rich back toward 
stoichiometric as either the initial mixture temperaturc or 
the percentage of oxygcii in the oxidant is incrcasetl (or 
cliluent decreased) as shown by figures 130 (ref. 16) and 131 
(ref. 48). 

The flame velocity near the lean flammability limit 
( q = O . ? i  to 0.6) is of the order of )i to % the maximum (refs. 
18 and 39). Flame velocity determinations with hydro- 
carbons are limited on the rich side because the flame shapes 
become irregular or unusual with either open or confined 
flames (e. g. ,  refs. 29 and 39; flame instabilities are tlis- 
cussed further in ch. VI). 

It may be iiotetl from figurp 129 that the frnctioiiul 
change in  flame velocity with equlvalenw ratio is the same 
for three fuels for equivalence ratios smaller than qmaz. If a 

I r.-.=. from 
IPn.. I vma=,om, I percent 

logarithmic scale were used for cp, i t  would be seen that 
a linear relation betwcm 11, and log cp exists for cp< 1 : 

(16) 

An interesting variation of the preceding relation is the 
plot of the logarithm of the total bond dissociation energy 
of the fuel per unit volume of mixture against flame velocity 
illustrated by figure 132 (ref. 49). The correlations are 

c p  -=2.6 log (p+0.94 
c,7Fn maz 

___ kcal I z,;' 
1 liter 

g-mole 

~ ~ L ~~ .- - L- -A 
. " Y o -  2b-I-x) 4b 5 0 6 0  7 0  

Plame velocity, 9, cm/sec 

FIGURE 1:32.--Empirical correlation for ecl~ii\.nlrilce-r:itin data. 
Tube method (ref. 49). 

linear for leari mixtures and the lines extrapolatc to the lean 
limit of flame propagation (zero flame velocity) in a 1-inch 
flame tube. The advantage in using the total bond dis- 
sociation energy rather than simple cp is that the maximum 
flame velocities of all three fuels may be estimated by 
extrapolating the linear portions of their curves to a common 
value of the total bond dissociation energy, 1.75 kilocalories 
per liter. However, both the slopes of t'he lines and tlic 
energy for t',,,,, dt~pond somewhat on the method of 
measurement of l T F ;  the data presented were obtained by 
tlic t ube  met t d .  

A correlation was also obscrved hetween t l io  rquirah~tii~c~ 
ratio for maximum flame velocity and the total bond tlis- 

from I 
percent 1 average, 

TABLE SI . -BOND DISSOCI.4TION ENERGIES FOR C'r  r\ND Ca HYDROC.tI tBOSS .4T 
CONCENTRATION FOR mcminr F L . \ ~ I E  VEI.OCITT 

[Tubr method, ref. 49.1 

I 1 I 
Diksociation Dissociation 

energy of ! energy of 
hydrornrbon,l mixture at i Deviation 

1250 1 1. 93 I 2 . 0  i 
1791 2 0 0  I 1 5  1 

1 5 
1821 1 9 i  1 .  - 
1133 1 '18 .i 

1257 I I 94 
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o Alkanes C-C-C- 
a Alkenes C-C-C- ’ 

sociation energy of the fuel. Table XI (ref. 49) shows 
that,  for the C, and C8 hydrocarbons tested, the total bontl 
dissociation energy pchr unit volume of the hydrocarbon-air 
mixture corrcsporiding to the  mixture giving the maximum 
flame velocity (tube method) is nearly constant, with an  
average deviation of only 0.9 percent from the average 
value. This deviation is less than X of that obtained by 
simply assuming that the maximum will occur a t  an averagr 
cquivalence ratio of 1.15. I t  may be noted that the average 
total bond dissociation energy of 1.96 (kcal/liter) for pmar is 
different from the 1.75 that gave maximum flame velocities 
from the linear extrapolation in figure 132, because the data 
in that  figure began to deviate from the straight line before 
pmar was reached. 

An avenue of experimental study that may clarify the 
rruction kinetics of flames is the determination of flame 
velocities for fuel-oxggen-nitrogen systems in which the 
concentrations are varied in such a way that  constant 
flame temperatures are maintained. If the effective mean 
reaction-zone temperature is also constant and the reaction 
mechanism does not change with composition, tlir true 
effects of fuel and oxygen concentrations on flame velocity 
and hence on the over-all reaction rate might be rxprcssed 
by 

wherr 
& mole fraction of fuel in unburned gas 
.Yo, mole fraction of oxygen in unburned gas 
(I ,c empirical exponents expressing rraction order of fuel 

The  exponent a is determined by studying mixtures for 
which p 2  1 ,  and the exponent c is determined when pp_< 1 .  
In the former case, X ,  is practically constant; whereas, in 
the latter case, Xf is practically constant. 

I n  reference 50, flame velocities were determined a t  
(mistunt calculatetl adiabatic flanir tempcrntrires for hytlro- 
p i i - ,  carbon monoxide-, and metliant.-oxygrri-Iiitrogcn SJ 9- 

t tms. The empirical equation for H,-O,-S, for ,Y02~S, 
I ) r t \ r t w l  0 3 and 8 at 2000’ K is 

(18) 

This equation has the form of equation (17) cscrpt for t l i v  
vonstnnt 54. .in equation of a tliffcrtnt form nus rvportcd 
for methane-oxygen-nitrogen for Xo2/;U, betwern 0 3 arid 0 7 
a t  2000’ K:  

and oxygen, respectively 

CTF= 7650 Lu! /YO, f j q  

crF=13.3 In ( - ~ ) + 1 4 . 9  xo2 

S o  empirical equations were reported for H2-02-S2 a t  
2230° K or for C0-O2-S2 a t  2000’ K. 

Zrltlovic*h (ref. 51) rrports experiments with lean CO-Ol-S2 
rnistiircs iia \I hit-h the carhori morioxitlr c’or‘c’c’ritriLtioi1 WLS 

hcltl constant arid the 02-X2 ratio was vtwircl so that tlir 
flame temperatures were essentially constant. The flame 
v c h i t y ,  and hence the reaction rate, was found to vary by 
less than a factor of 1.5 when XO, was varied from 0.20 to 
0.72. Similar experiments with lean mixtures show that 
flame velocity is proportional to the square root of the 
curbori monoxide concentration in the reaction zone. 

I n  summary, the flame velocity passes through a maximum 
lTF,,,,,,z a t  a fuel-oxidant ratio slightly richer than stoichio- 
metric.. For lean hydrocarbon-air mixtures, flame velocity 
and equivalence ratio may be related by an equation such as 

-- ur -2.6 log (p+0.94 
UF. nurr 

Number of carbon atoms in chain 

FIOI .RE 133.--ISBect of chain length and saturation on relative 
Barncl velocities of straight-chain (or non-substituted-ring) 
hydrocarbons at 25’ ( !  and 1 atinosphere (by pwmission from 
refs. 38, 40, arid 46). 
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, 

0 Butones 
I - Butenes 
I 3 -6ulodienes h 1 A 1'- Butynes 

C"C-C;Z-_ ~. . -+T 

" 
Numbn of substituted methyl warps 

FIGURE 134.-Effect of methyl substitution on relative flame 
velocities of four-carbon-atom, straighbchsin hydrocarbons 
(by permission from ref. 46). 

I 

1 L 1 
30L Pwe'mp Melhyl Ethyl Propyl Butyl 

Side- chain substituent 

FIGURE 135 --Effectc of ring size arid siibstitutlon on burning- 
velocity trends in c> clic hldrocnrbons th! pcrnll*-lorl from ref 52)  

tion on flame velocity a t  constant flwne temperature ma) 
be of importance in understanding flame rcw-tion kinetics: to 
date, very little work has been done on this particular phase. 

Molecular structure of hydrocarbon.-In references 38, 
40, 46, and 52, a systematic study was made of the effect 
of molecular structure on maximum flame velocity using the 
improved tube method (eq. (10)) except for the higher- 
molecular-weight, normally liquid fuels, for which a schlieren 
image total-area (eq. (2b)) burner method was used. Figure 
133 shows the effect of the number of carbon atoms in the 
straight chain for alkanes, alkeries, alkynes, alkadienes, and 
allenes. The effect of me,hyl substitution on alknne, I L ~ ~ C I I P ,  

alkyne, and alkadiene molecules having four carbon atoms 
in the straight chain is shown in figure 134. In general, 
increased chain length or methyl substitution drc*rrnscs 
flame velocity, except for the alkanes, which are not ap- 
preciably affected by either. These two figures also cm- 
phasize the effect of unsaturation: The flame velocity 
incwases in the ordw alkanes<alk~nes<alkadienes (for 

I I I I I I 1 

Flame velocity measured by tube method, cmhec 
4 0 6 0  80 100 I20 140 160 

FIGURE 136.-Comparison of flame velocities measured by inner- 
shadow-edge burnet method (ref. 47) w t h  values measured by 
tube method (ref. 40). 

20 

which isolatedEconjugated<cumulated double bonds) <al- 
kynes. 

The effects of cycloalkane ring size and of side-chain- 
substituent size in a given cycloalkane are shown in figure 
135, and the effects of alkyl substitution in a benzene ring 
are shown by data in the appendix. The fact that  the 
three- and four-membered cycloalkanes have flame velocities 
greater than the corresponding alkanes, whereas the five- 
and six-membered rings have flame velocities near the cor- 
responding alkanes, is in keeping with the general chemical 
behavior associated with ring compounds. Small, saturated 
rings generally exhibit some double-bond character, bu t  
large ones do not. Cyclopropane has a flame velocity 13 
percent higher than its isomer, propene; and spiroperitarie 
(two thrw-membered rings joined together by one C-C 
bond) has a flame velocity (see appendix) 13 percent hjghe~ 
than the fastest isomeric pentadiene flame; this indicates 
tha t  three-membered rings are somewhat more effective 
than double bonds. The addition of alkyl groups to aro- 
matic rings shows no definite trend, sometimes reducing 
flame velocity, sometimes not affecting it. 

Some rffects of type of oxygen linkage in oxygenxontaining 
compounds are also suggested, but not well established, 
by data in the appendix. It appears that flame velocity 
increases with the type of linkage in the order esters<ethers 
<alcohols<nldeliydes and ketones<alkyl oxides. This 
siiggcstctl order is bawd primarily on dnta from reference 5 2 ,  
with t h e  position of alcohols arid esters suggested by the 
(lata of reference 47. Other measuremeiits from reference 
47 nrr: in conflict with the suggested order. The measurt3- 
ments were based on the inner edge of tlie shadow cast by 
the Bunsen cone, using only the upper part of the cone. In  
general, the agreement between relative values giver, by 
references 40 and 47 is good, as shown by figure 136. T h e  
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F I C ~ R E  137.-Comparison of experimental data  with simple mixing 
rule for flame velocities of mixtures of hydrogen and carbon 
monoxide (ref. 59). 

maximum flame velocities determined for fuels other than 
those of references 38, 40, 46, and 52 have been put on a 
relative basis and are included in the appendix. 

I n  reference 53, an empirical correlation is obtained in 
which the maximum flame velocity of a hydrocarbon burn- 
ing with air is calculated from the sum of the contributions 
of the various H-C bonds in the fuel molecule according to 

r~=,\T,C,+*~r,C,+;~~+ . . . (20: 
where -YA, NB,  N,, &VD, NE,  NF, No, and N H  are the numbers 
of methane, primary, secondary, tertiary, alkene, alkyne, 
cylohexj-1, and aromatic C-H bonds, respectively, per unit 
volume of hydrocarbon-air mixtures; and C,, C,, C,, . . . 
are the flame velocity coefficients of these bonds. For the 
special cases of C-H bonds on carbon atoms placed alpha 
to (next to) the alkyne C = C  bond, a factor equal to 0.96 was 
introduced into terms representing these alpha bonds. 
Flame velocity coefficients established from 34 hydrocarbons 
gave an average deviation in predicted flame velocity of 1.9 
percent. I n  the evaluation of these coefficients, ethene was 
excluded, since its coefficient deviated by more than 5 times 
the average. These coefficients, based on an experimcntal 
rrferrnrr flame velocity of 100 for propane, are given in 
tahle SI I .  Since the coefficients twe averaged for 34 hydro- 
c-arbons, the computed value for propane is 97.7 compared 
with the experimental reference velocity of 100. 

The general effects of molecular structure may be sum- 
marized as follows: Increased strnight-chain length, chain 

x H  S 
Mole fraction rotio, 2 or XCZH4 

XL,S 

FIGURE 138.-Relation between SC~H,  Si3~g and .YH,,,'SA,S and 

between Sc,ll,/.Y&~~ and .SC~H,IIS~,H, for lean and iich binary 

fuel mixtures at constant flame velocity levels (reprinted by 
permission from ref. 62). 

~- 

branching, side-chain substitution, or ring size of cycloal- 
kanes (except for cyclopropnne-c?-clobritan~ reversal) tends 
to decrease flame velocity; wliercas unsaturation tends to 
incrensr flame veloc.it,y; nl l  tlicse cffwts bwonic smnllrr t i s  

the sizc of the moleclilc is iri(-rtws~vI. ' I 'ht .  f l : ~ n i t ~  vciloc.ities 
of oxu?-gcii-c.ontcliiiing ronipoiiri,ls : i t ~ 1 1  Iwlio\-rtl to  f'ollo\v t l i ( ,  
order e s t e r s<e th r r s<n lc~o l~o l s< :~ l~ l~~ l~~-~I~~s  m t l  ketones< 
alkyl oxides. 

Additives, sntiknocks, and fuel blending.-Reference 54 
reports the effects on flame vclocity of smnll additions 
(<3  percent) of other fuels to rich mixtures of city gas and 
air. The compounds studied as additives (acetone, acetal- 
dehyde, benzaldehyde, diethyl ethcr, benzene, and carbon 
disulfide) were chosen from those which displayed oxidation 
phenomena in low-temperat,ure oxidation antl hence were 
expected to decrease tlir indurtion pvriod antl increase flame 
vclocity. Despit'e apparcmt tliffwonrrs ir i  osidatiori propi.-  
ties, all c~ompounds changed the  Namr vthc i ty  (luminous- 
cone total-iirrn method, using skirted burnrr) in rxact1.v 
t l i r  sanw way tlint dilution wit11 cscrss furl woulcl charlgc. i t , .  
on the basis of oxygen rcquircment. Tllere was no plienom- 
enon cquivalcnt to the effect of aldehyde on reaction rate in 
the low-trnqwrature oxidation of hydrocarbons. 

In pl.oI)nric,-ciir-ncltiitivt! (isoocttcinc, bcnzcne, acetone, 
r r l , ~ !  ir 1.1,. + 1 I ..-I !i t:! ,  . . a % ,  > , .  . - - ,  

. .  
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ether, oxygen, hydrogen, and nitrogen) mixtures, however, 
reference 55 states that the small but distinct chaliges in 
flame velocity were not strictly additive. Additive con- 
centrations amounting to 5 to 30 percent of the total fuel 
were used; in many cases, the flame velocity of the binary 
mixture was greater than that of either comporlellt. 'rlie 
reference also states that  the change in theoretical flame 
temperature does not sufficiently explain the results, but 
that a nearly linear correlatiori with ( t i . L Y H  +.LHT -yo)r 
was obtained. 

Studies with moist carbon monoxide (ref. 8, p. 463, nnd 
ref. 17, p. 121) show that its flame velocity is raised apprt'- 
ciably by tlie addition of small amoullts of liyc\roge~l or 
hydrogen-containing fuels (or water vapor, see later dis- 
cussion). For example, thr replacement of 1.5 percent 
of the carbon monoxide by hydrogen raised tile flame 
velocity of a moist carbon monoxide-air flame by 40 percent 
o r  a moist carbon monoxide-oxygen flame by 45 percent; in 
both cases, this increase w-as considcra1)ly I greater t tian 
that expected by a siniplc riiixinf v l c .  ;rii frlcls wit11 
flame velocities smaller than the moist carbon monoxide 
caused a marked increase; for examplr, 1 percent of hexane 

ncreased the flame velocity 29.5 percent. On the other 
,land. carbon tlisulfide, which contains no h?-drogell, hat1 
the opposite c fec t .  

It might be expected that common antiknock additives 
would especially decrcase flame velocity, but suc.11 is not the 
case in constant-pressurc conibustion. Tetraetll> 1 lead I l d  

no effect on the flame velocities (measllrt~rl approsinlatel? 
by a t)iillistit* iniprilsr riicter I of isoo(.ttLlie-air niist ureq ntf 
t(~mpt~ratilrcs up to XOO C', nr  011 n-t)utarltx up t o  : 300°  
(ref. st;). ,\hove :',ooo c', the flllIllc Vc~loCit~ Of tL-1JUt t i I iC  

was inarkcclly tliniirlislied by prt4ame ositlatloll, which in 
turn was supprrssccl by tlic ntltlitiorr of tetraeth?l I r r t t l .  The 
conclusion {yas that tile a i l t ihock  tbffcbct of tt*tractli>-l l ~ d  
must not \)e tw-ribed to a ciecrrascd flanlt: velocity. How- 
ever, in an  iiitcrrial-combustioli engine it is believed (ref. . j i )  

that ,  toward tlie cnd of thc piston travel when the pressure 
is rising rapidly, the inliibitillg effect of tetraethyl lead is 
very great. The addition of 0.36 prrccnt tetraethyl lead 
or 5 percent ethyl nitrate hut1 no cffect on the flame veloc- 
ities (cone tieight, burner nictliotl) of 2O furls of various 
types at  roo n tcmperat,lm (ref. 58). Likcbwiscb, iron pelltll- 
carbonyl did not appreciably tlecrrtlsc the flan~c vrlocit ics 
of ethw-car1)on monoxide flames (ref. 17, p. 122). 
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Wlien two fuels A and B are blended in various propor- 
t ions, the mnsiniuni flame velovity of t l i c  b l c i i t l  is grnc~rnlly 
greater tlian that wliicli would be coriiput ed from t tic 
maximum flame velocities of tlie individual fuels by a simple 
mixing rule : 

(21) 

where -Y., and X R  are the mole fractions of A antl B in the 
fuel blend. Reference 59 fourid tliat flame velocities of 
various binary mixtures of any two of the fuels methane, 
et time, acetylene, carbon monoxide, and hydrogen mere 
greater than those obtained by the simple mixing rule. As 
a n  example, figure 137 for hydrogen plus carbon monoxide 
is presented. I n  reference 60, a similar result was found 
for propane plus carbon monoxide; the maximum flamr 
velocity occurred with a fuel mixture of 96 percent dry  
carbon monoxide and 4 percent propane (35 percent total 
fuel mixed with air) and was 63 percent greater than the 
value obtained from equation (21). 

For the correlation of flame velocities of mixed fuels, 
reference 61 presents an equation which is simplified in 
reference 62 to the form 

U F ,  b l r n d = X A U F .  A fXaF', R 

wliere 
X,.j mole fraction of jth fuel in multifuel mixture with air 

that  has flame velocity UF 
X;, I mole fraction of jth fuel in its binary mixture with air 

that has same flame velocity LrF as multifuel mixture 
Thus, for a mixture of two fuels and air, a plot of (X,,,/X;, 
against (X,,z/X;.2) should give a straight line with intercepts 
(1,O) and (0,l) .  Reference 62 presents studies of ternary 
mixtures of propane, air, and either ethene or hydrogen 
sulfide. Equation (22) was found to be valid for propane 
plus ethene but invalid for propane plus hydrogen sulfide, as 
sho\vn by figurr 138. Accortling to rcforriice 62, tlic data 
represented by figure 138 show that hydrogen sulfide is an 
effective flame velocity inhibitor; such a statement is mis- 
leading, since the addition of similar quantities of nitrogen 
to propnnc-air misturcs ciiuses compnrablr tlccrensrs in 
flume velocity, as can be computed from tlie data of rcf- 
erence 48. 

Water vapor: The pronounced promoting effect of water 
vapor on the flame velocity of carbon monoxide has been 
observed by many investigators. For 45 percent carbon 
monoxide in air, the flame velocity passes through a maxi- 
mum after approximately 5 volume percent water has been 
added, a t  which point the flame velocity is 2.1 times the 
value for 0.7 percent water (ref. 17, p. 121, and ref. 63). 
Heavy water (deuterium ositlr) inrrrnscls the flamp vplocity 
of c d ) o n  monoxitlr hy a sninllrr umount thari thc sanle 
p r r t~c r i t i~g~  of ordiiinry watrr ircf. fill. This c4'c.c.t is (lis- 
cussed later in connection with stutlics of deiitrriitrcl 
ace t ylen r,  

. ?  loo^ 
2- A 

-* 800 
"! 
0 

Fuel 
Methone 
Methone 
Methone 
Methone 
Propane 
Ethene 
Acetylene 
Hydrogen 
Corbon mnoxl 

t-t 
600 

Reference 

0 .2 
~ 

.4 6 0 I .o 
Mole froction of oxygen, $I, -% 

02+N2 

FIGURE l.iO.-Effect of oxygen concentration on relative flame 
velocities of various fuel-oxygen-nitrogen systerns at room tern- 
perature and atmospheric pressure. 

With hydrocarbons, water vapor has a slight inliilx ting 
effect; for a butane-air mixture containing 2.8 volume per- 
cent water, the flame velocity is approximately 8 to 10 per- 
cent lower than that for a similar mixture containing 0.08 
percent water (ref. 65). 

Incrt clilurnts: -1 clccreaso in tlw pcrccntage of iiitropcm 
in the primary air with which a fuel burns causes a marked 
increase in flame velocity for a given equivalence ratio. 
For example, the effect of increusing tlie molnr ratio 
0?/(02t?u',), liercwiafter called I), is sliowii in figure 1:<1, from 
reference 48. Reference 66 reports that, for flame velocities 
of propane-, ethene-, antl isooctane-oxygen-nitrogen mis- 
tures measured by a schlieren total-area method, ttir masi- 
mum flame velocity is a linear function of & for the rniigc's 
studied. These data arc presented in figure 139. A1ddi- 
tional da ta  on maximum flame velocities of fuel-ox;vgen- 
nitrogen systems are reportcd in references 8 (pp. 460-467) 
and 43 and are plotted in figure 140 as rr4ative flame veloc*- 
ity, referred to the value with air for wliich $=0.21. 
ngairist $. 

Figurch 140 shows thnt tlic rclutivc. flnnic vchuity of 
1iytlroc~nrt)ori-os?-gei, .litrogrn mist urrs contitiucs to incrensc 
markedly as $ is increased to 1.0, but tliat tlirre is sonic 
trntlcricy for the rate of incrcasc. to diminish in the rcgion 
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.I 311 1 0. 17-0. 50 ' 1420 1 422 ' 17- . 50 1 1195 
j Room I 1'21- . U 1290 

$=0.5 to 1.0. Tlie effect nppcurs to dcrrrase as chain 
length or unstit urtition of t tic Iiylroc+nrbon iucrcuscs. Tlic 
effect of + on rrP is appareritI?- niiicli smnller for hydrogen 
or carbon monoside flames. On the assumption that a 
linear relation betw-een T-J,,al arid + should be obtained for 
a limited range of $ in the vicinity of 0.21, whirh is the 
region most likely to be of interest for air-breathing engines 
that might be subject to local osygen enrirliment or vitia- 
tion, empirical equations of the form 

5 

4 1  
i , 1 3 5  1 ._ ...__. 1 _.-._.. j . .~ . . .~  j 

0. 140 
, ,26 !} 1. 70 ~ 1. 16 1 

have been computed where possible. These are sum- 
marized in table SIII, in wliicli are also iucluded equations 
of the form 

(24) 

for propane-, ethene-, and isooctane-osygen-nitrogen mix- 
tures from reference 66. 

The effect of changing the diluent from nitrogen to an 
equal volume of another inert gas is of interest in that the 
variations in specific heats (and hence flame temperatures), 
thermal conductivities. and diffusion coefficients of the dilu- 
ents allow somewhat more critical tests of the various 
approximate theoretical equations for flume velocity (table 
XIS'). Tablc XV shows niasinium flame velocities, relative 
to an arbitrary value of 100 with nitrogen as the inert gas, 

U P ,  re 1 = B' T:U - XP) 

for several fuels burning with primary air in which the nitro- 
g m  has been replacwl 11)-  AI^ r q u d  volumt. of argon, helium, or 
carbon dioxide (refs. 8, 1 7 ,  and ti7 to 73) .  In all cases the 
flame velocity increases as the diluerit is changed from carbon 
dioxide to nitrogen to argon to helium. As the ratio 02/(02+ 
inert) increases, the effect of changing the diluent is smaller, 
because the common value of 100 for 02/ (02+iner t )=1  is 
approached. 

EFFECTS OF PHYSICAL VARIABLES 

Pressure.-From tlie contradictory data reported in the 
literature, i t  appears that the accurate measurement of the 
pressure-dependence of flame velocity is very difficult and 
that a t  present all reported pressure effects must be ques- 
tioned. Some recent measurements (table XTI, from ref. 
74) indicate that tlie flame velocities of stoichiometric 
methane-, propane-, and ethene-air mixtures are independent 
of pressure, whether measured by the constant-volume bomb 
method or the slot-burner (luminous) method. Reference 
75 reports the flame velocities of acetylene burning with 
oxygen, oxygen and argon, and air (pressures > lo  mm Hg) 
to be independent of pressure. The flame velocities were 
measured by a luminous-cone angle method, and the burner 
diameter was increased in proportion to the prcssiire drcrcase. 
Reference 76 confirms that flame velocity is independelit 
of pressure by using the soap-bubble method. I t  is believed 
(ref. 76) that  carlier results obtained by a burner method, 
which showed a pressure effect, were probably less reliable. 

T.IBLE SII1.-VALUES OF EJIPIRICAL EQV.\TIOSS* FOR EFFECT OF J. OS RELATIVE JIASIJICJZ FLAXIE VELOCITY b 

[Pressure, 1 atm.] 

JIethod nnd 
Range of I 

- 
I 
I I 

Methane ____.. _.__.. Room 1 0.21-0. 50 1'290 
~ t . I s -  .50 I 1550 

1520 I : 22; 2: 1420 

, Propane- 

1. 40 1 0. 120 
' Isooctane.. . . . . . . ~. . -. . .I 31 1 0. 125 

- 
1 122 1 1 ;% 1 . 115 I} o'381 1 i 

' Ethene-- . .  . . ~ ~ .  ..... - 1  311 0. 17-0. 35 1085 
122 1 : 1 7 - .  35 I 981 1 Room 21- . 5 0  1100 

hcetylene ___.. . .... ..... Room 0. 11-0. 24 1 770 0. 08 . . - - - . . 1 
I Hydrogen ____..._._.__. Room 0. 13-0.25 620 

I Carbon monoxide ___... . - 1  Room 0. 13-0. 25 I 600 
' - . - . . . - . - 

* UP,.. I- l<(+-.X). L*r,..i- R' T:(+-.%. 
b UP,.,, Is oianlmum flame veloclty (wllh respect to equivalence rntlol relative tu arbllmry value of 100 lor + = O . Z I  and T=%W K .  
a Methods and references: 

1. Cone-lrlphl, lotal-nreu methwl ofeq. (a): ref. 8, pp. 450460. 
2. 1,umInous-conr. lruslum-nrc8 method ofeq.  ( 5 ) ;  rrf. 8. p. 467. 
3.  Sou hubhle mr%hod; rrl. 3% 
4. Schkrenimnge ( h e  of maximiim inlenslty ohtalned with horizontal k n l k  rdae) speclal anale method wlth nozzle burner; ref. 69, 
5. Schllerco-lmnge (outer cdgc of lmnge obtained wlth horlrontal knifr e d ~ e l ,  total-aren method ofeq.  (26):  ref. 88. 
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' TABLE XIV.-SUMMARI' OF BURNING-VELOCITY CORRELATIONS 

I Correlatlons wlth dliiuslon throrles l Correlatlons with thermal theorlcs I 

CO-OrNI Plus H I 0  
or HI 

C 1 N r 0 r . 4  plus E Y O  
or DIO 

H r O r s ~ , . .  

UP vs. pn, nonlinear. ......... 102 .................... Tanford-Pease. ....... 103.107 

Uj VI. pan. llnear ............. 116 .................... Tanford-Pease. 116 

.- 
........................................... I.. ...................... Tanford-Pease- ...... 

C1Hi r0 rNx  
(pentane) 

U r  vs. 6.5 p n + p ~ + p ~ ~ ,  non- 

p n f p o f p o n .  non- 

............ ....... 39 (fig. 149) Tanford-Pease. ~ L'npub. 
i I 
171 86 ..................... 1 Tanford-Praw ........ 

I 

H t - 0 r . 4  or He ....... ' .............................. 

~ ~ 4 - 0 r . 4  or ~e ...~' 

~ 

.................... 1 - - - - -  ' 

I 

Table XXI. ... 

Table XXI.  ........ 

___ -~ 

,- 
~ Butylene-OrNt or .................................................... I Tanlord-Pew..  ...... 7 1  ...................... 1 ....... 

1 Typr of rlat.% 
_ . _ _ - _ _ _ ~  _ _ _  

Combustion srs t~ in  
I 

Equation Rdvrt>nm ' Equations and prop- Reference i 
1 i ~ 

ertirs 
- ____ i L'P vs. nctivr-particle conc(~n- Reference 

triltions !-- I-- 
Rawe  of mlxture concan- 

tratlons 

................................ 

.............................. 1-1 
C H r O r S y .  ......... - 1  ................................ 1 ........................ 1 Tanford-Pease. I.. .. .: 103 

CsAi-OrS1 ......... L'r vs. 6.5 PH+PO+POX, non- ... .I Tanford-Pease .... ...I 49 

I i an son ............. 17 
C i H t O r N t  .......... 5 PH+PO+POH, non- 1 86 (fig. 146) ............ Tanford-Pease.: ...... 1 ........ I I Semenov cq. 

..................... ............. 1 Ur vs. 46.5 PH+PO+POH, 66 ~ Manson .................... , ........ ! 
,--- ___ 

......... ............ ....... I I 171 Semenov eq. I L-npub. 1 

nonlinear 

CsHrOrNz UP vs. 6.5 P K + P O + ~ O H ,  non- 39 (fig. 149) Tanford-Pease. 

1 UP vs. Js.spO+PORI 1 86 ..................... 
nonllnear 

.I 49 1 .................... I ......... i Manson .............. 
I ~~~ I I_--$ 

: Series of cumpounds a t  Paramns, olenns. dlc- 1 UP vs. P H .  .................... 1 120.121, 122 ........... Tanlord-Pease ....... .I I l l  , L'r vs. Tr 
-1 i 112.121 

I marlmum burning ye- 
locity ~ and knzene in air 

leflns. acetylenes, ~ 

.............. Manson .............. , 49 Jrmrnov q, 
___ I ~ iinisar 

Nonhydrocarbons In . L'P vs. 6 . 5 p ~ + p o + p o ~  ... 111 .................... 1 -  ....................... 1 ...... ' .................... ' i alr I - - - -  - - -  

l IXflerrnt Initial tcmpera- 
turrs 

..................... LT~~~.6.5p~+po+p~~,llneilr 16 Manson 49 ... .......... ........ 

C t H r O r N y  ........... U p  vs. pa, linear .............. 16 (fig. 147) ............ Tanford-Pee 
.............. ...................... 

CaHaOrSs. .~ ......... Ur vs. P H ,  b e a r  .............. I6 (flg. 147) ............ Tanford-Pease. ..... 

Lrr vs. 6.5 P H + ~ O + P O H ,  linear. ................... Manson. ............. 

C ~ H s O r N ~ p l t ~ v a r l -  UP VS. 6.5 pn+po+pon, 
OIU compounds I- nearly llnear 

I Addltlves .................. 

' Pressure-dependence o f  
hurnhg veloclty 

Various hydrocarbons ....................................................... I I In ilk or orygen 
...... Tanford-Pease.. 102 Semenov eq. ........ 

Oavdon-Wolfhard ... .I 10s. 125 I ..................... 1 ........ 1 
I I IManson---l lml- I--I 

CiH2 or C , I k .  ..... .! Tanford-Prase.. ... I - R i X l i l i h l r r  eq, 16' 
CO-Or.4 or He ......I ............................... Table XXI ........... Ratlo of a calcu- 1 113. 121 i Ratioof &calculated ~Gi 

! ~ luted 

Isotope substitution __._. __. 

Change of dlluent-.. ...... 
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TABLE XI'.--JIASIMUJI FLAhIE VELOCITIES 

[Relative to arbitrary value of 100 for nitrogen with primary air in which nitrogen was rrplaced by indicnttd inert gas.] 

Methane- _ _ _ _ _  ____.._____ 

i ! i 
Refrrrnce 

327 
i I 

69 _ _ . _ _ _ . _ _ _ _ _ _ _ _ _ . I  Shadow total-area ____._____. 1 
17, p. 2 ____.____._. Spatial velocity in tube ____.. 

0. 21 
. 21 

Method 

, 

I a i t h  inrrt gas 

I 

Argon Helium ! I 

1 67 for A, H e . . -  ..- 1 Schlirrcn total-arca.._ _.____ 0. 21 185 I .33: I -.i.t-. * I . :3 1 155 I 

200 1 26 140 

1 8, p. 465 for CO1- _ _ _ I  Cone-height total-area- - __. ._ 1 0. 60 115 1 150 54 I I . 80 1 105 115 1 76 
I -~ .~ . .  

~ Propme ..._._ ... -. . .. ~ . .  - - ;  6 7 _ . - .  .... ~ - .  _._ __.I Schlierrn total-area ...__ ~ . _ _  .I 0. 21 ~ 180 ' 280 ' , . 32 140 , 235 , - ~ .  .. 

-_..__ . 4 2  120 1 60 1 . 57  1 110 i 150 _.____ ~ 

73 _ _ _ _ . _ . _ _ _ . _ _ . _ _ _ I  Schlieren total-area--. _ . _ _ _ . I  0. 11 1 190 1 340 1 _.-.-- I 
I I . 21 145 215 I _._ _. 1 

I--, 1 Hydrogcri. ._ _ _ ~  ._.._ -. .- . ,  68 ..__._._.. ~ __.._. Spatial velocity in tube _ _ _ _ _ _  ~ 0. 21 1 135 b 135 _..._~ 

! 

50 

I - 06 
~ 

1 72 _.__..____ ._._._. 1 Cone-height total-area- ___.-. 

1 8, p. 460 .___._____. 

1 
I 

! 
- . . . - . 

- - . - . . . 
- . - . - . - - . . . . - . 
- - . - - . . . . - . - . . . 1 86 ~ j 94 

Carbon monoxide contain- 8, p. 462 _______..__ 
ing 1.5 percent H?, 1.3.5 1 

1 percent H20* 
I . S o  nltr 

b Same 3 u e  wua also given for neon: results Seem questionable in view of ref. 72. 
S o  nitrogen value uns  given for this Inert wnnntratlon: relative values are based on interpolnted nitrogen v~ lUc  from ref. S, P. 4GO. 

en value wua given; these are based on lplatlve value lor argon from ref. 69. 

Fuel Pressure, 1 Bomb method 
m m H n  I 

I 1 Pressure 
j record 

- - - . - . - - 1 532 36. 0 I I 760 I 36. 6 

Methane ___._________.__ 1 253 1 
' 380 - - . . - . - . 

j Propane .___.___._____.__ I 253 
1 523 

, ~ 760 40 6 

1 Burner 
method 

Flame record1 

63. 0 
62. 9 
63. 5 
63. 3 
63. 0 
62. 5 
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4 0  60 
Pressure, p, in Hq obs 

FIGCRE 141.-Variation of normal flame speed with pressure for 
propane-air Bunsen flames. Fuel-air ratio, 0.067 (ref. 77) .  

On the other hand, reference 77 reports that, even though 
thr  t )urntr  tliumetrrs wrre varied. thew was a prrssure effwt 
5 u d i  I h i i t  t h c  h n i c  \ -ch i t ics  of propnii~wir i ~ i i d  etlic~iie-tiir 
misturcs were inversely proportional to the logarithm of 
pressure in the range $5 to 1 atmosphere. The propane-air 
curves of reference 77 are reproduced in figure 141 and, for 
various tube diameters, approach a common upper envelope. 

I n  
general. t tie majority find flame velocity to be inversely 
proportional to pressure raised to a power between 0.1 and 
0 5 .  7'11~ prcssuri.-tleperitlences indicated by some of the 
more rccciit stuclies (refs. 19 and 74 to 81) are summnrized 
in table S V I I .  However, until the effect of apparatus on 
the measurement of the pressure-dependence of flame veloc- 
ity is more clrarly resolvrd, it is assumed tliot flame velocity 
is inilepcntlcrit of pressure in the range of interest for je t -  
engine combustion chambers. 

Temperature.-The initial temperature of the unburned 
gas mixture has an appreciable effect on flame velocity. As 
an example, da ta  for propane-air obtained by a shadowgraph 
total-area method are presented in figure 130. The  relative 
effects of initial temperature on the maximum flame velocity 

XZIany other investigators also report pressure effects. 

TABLE XVI1.-EFFECT O F  PRESSURE ON FLAl\IE VELOCITY 

System 
i 

Equivalence pressure ' >lethod 
l r:lnge, atm pressure- 1 and ref- I 1 dependence erenc,' - ratio, IP i I 

I 

Methane-air _______.___.._ 100 ._____._. 0 . 7  - I .  o I None 1 I 1 1:OO:::::: _____.._. ~ , 33-1.0 None ! 2 
1.00 or qmo , 25-1, 0 , p-0.24 3 

l.-lti..- .__. . _.. - - - .i ~{ 1. 0 -6. 3 i p-0.45 . 25-6. 3 p - O . S  

.60- .65 _ _ _ _ _ _  ____. I . 26- . 66 , p-o.'g 

........ .............. 
1.00 ................ 33-1. 0 I XOIIC 

.......... ' 5  
3 6  _._..______.__. ~ . 26- , ti6 ' :3.g I 1 

1 Pmnr. .............. 1-5  None 6 

Propane-air _..___., 1.00- i 0. 7 - 1 .  0 None 

~~ ~ 

~ Butane-air ............... ~ vmnr--  ............. 0. 25-1. 0 p0.17 ~ 3 :  

5. Burner. luminous rnnp. :inplp; rial. i 7 .  
R. Spatial vcloclty in tube (drum cnniwn); ref, 79 
7 R d  Hn . 
8. S;ap%uhhle; ref. 76. 
9. Burner; ref X I .  

10. Bumcr. luminous conr. nnalr; ref. i s .  
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330 300 460 540 620 
lnitml mixture temperature, <, OK 

FIQURE 142.-Variation of relative maximum flame velocity referred 
to maximum flame velocity at 25' C with initial mixture tem- 
perature (ref. 16). 

of methane-, propane-, and ethene-air flames are shown in 
figure 142. References 16, 37, 52, 54, 66, 7 3 ,  arid 82 to 88 
present extensive studies of the temperature effect. A 
summary of these effects is given in table XVIII.  The 
only references that are purposely omitted from table S V I I I  
are those covering too small a temperature range to be 
significant, investigating nonhgdrocarbon fuels not likely to 
be of interest, or containing results that ,  ore questionable or 
contradictory to tlie morr extensive stutlicls. \Vhcre pos- 
sible, an empirical equation of the form 

cTF,,ei=Bf3' T: (2.51 

is given. The  relative flame velocities computed from these 
equations are rrfrrretl to an arbitrary vtiliie of I00 at 25' C. 
The flame velocity is a function of T o  raised to a power be- 
t,ween 1.4 and 2.1; the exponrnt varirs with the  temperaturc 
range covrrccl and with t l ic  fuel. Sinccb propane is a fairly 
represeii t at ive paraffin Iiydrocurboii , rriost hlrritls ( ' 0 1 1  t ainiiig 
a prrpo~iderance of parafin lrytlroc.nrt)oris ivoiilil lw r t ~ i s i ~ i i -  

ably well represented by the equation 

UF,,,1=25+ 0.00085 T,2 (26)  

for the temperature range 200' to 615' K. For the smaller 
temperature range 290' to 420' K (or 520' to 760' R) ,  it 
might be assumed that UF a T:'. Alternativelg, the prr- 
centage change of maximum flamr velocity could be detw- 
mined from the propane curve (fig. 142). 

A method of empirical prediction for ctheirr, as  \wll as 
metliaiic a id  propane, a i i t l  I r c i r c ~ c  uscbful for hotli pariiffinic 
and olcfitiir fiwls, is tlvmonst.a.tcd in ri , f iw1iiv,  10, .I vtq-  
good liricur c-orrclation h t w w n  compiitvtl titlititmt ic ( q i i i l i b  
rium hydrogen atom (.oncentration plr iirrtl flame vvlocit,y 
exists for each of the tlirrc furls. ' t ' l t c w  corrc4iitiorrs indiwti~ 
that, for any similar fiiel, if maximum flamc vch~ i t iv s  nrr 

known for any two initial temperatures, the maximum 
flame velocity at any other temperature can be computed. 
'I'lre cqrintions for temperatures from 200' to 615' for 
methane, propane, ant1 ethene, respectively, are 

Up,,bt=2.91 X lo5 pn-50 (27) 

U ~ , , ~ , = ~ . ~ Q X  105 pa-75  (28) 

UF,rri=1.33X i O ' p H - 9 7  (29) 

Electric fields.-Laminar flame vrlocity does not seem to br 
affected by electric fields. In  reference 89,longitudinal direct- 
and alternating-current fields were applied to propane- 
air flames. T h e  p o t e n t i a l  w a s  a p p l i e d  b e t w e e n  t h e  
burrier rim and a spherical electrode placed in the burned 
gas near the flame. The direct-current field (4000 v) caused 
a &percent decrease in the surface area of the luminous cone. 
The simple periodic disturbances of the flame surface caused 
by  the alternating-current field (0 to 6000 v at 400 cps) had 
no detectable effect on the total surface area. The  surface 
area, and hence the flame velocity, was independent of the 
amplitude and phase of the disturbance. 

Reference 90 presents measured velocities of burner 
flames of butane and air in transverse electric fields (elec- 
trodes on either side of the flame; 0 to 15,000-v potential). 
The  flame cone was deflected toward the negative electrode. 
Local flame velocities were computed from the particle-track 
method of equation (6); the f ame  velocity increased on tlie 
side of the cone near the positive electrode and decreased on 
the nrgative side by as much as 50 percent of the original 
value. The averngr flame vrlocity (total-area method) wns 
probably not changed appreciably. The observed varia- 
tions i n  local flame vr1ocit~- were in the direction to be ex- 
pected if positive ions played an active role in flame propa- 
gat ion. 

Acoustical and mechanical disturbances,-The effect of 
soilntl on propanr-air burner flames was also studied in refer- 
r i r ( ~  q!). S o  churrge in flame surface area., and hence no 
(-111iiigt~ in finme velocity, was observed. Reference 91 like- 
\$ I W  reports no effect of sound (12.7 lw and known intensity) 
on t 1 1 t h  i i i r fnw i~rt'a of propaiie-air flnmrs. I n  rrfrrence 25, 
Iioit CSVCT,  flame v thc i ty  was increased by 7 or 8 perrerit, and 
~ o u i r ~ 1  of nicdium iriterisit~* was most rffective. 

Kcfrrrrrrc '32 rrports investigation of vibrating flames of 
nietlianr, city gas, propane, or ethene that traveled through 
t raiispnrent tii1)r.s of various lcngths and diameters against 
gas reloc-itirs slightly smaller than the flame velocities. With 
carefully selected compositions and flow rates, flames were 
obtaintd that, after traveling partway .down the tube, be- 
cnme saucer-shaped so that they were flat over the major por- 
tion of the cross section. Consideration of ( 1 )  the circulation 
of unburiiecl gas ahead of the flame indicated by the  curling 
a i d  uircrirlirig of the flame cdgrs to\vord t lw uribnrncd pas, 
( 2 )  t l i ~  11ic.k of vibration at the point w l m c  coupling of a.11 

o d l t t t o r y  Iirrit  sourcc and a vibrating gas column should 
have h i i  optiniuni, arid (3) photograpliic* evidence that 
W L \  it3 i r i  t l l v  i ~ r ~ l ~ ~ ~ r n c d  gas recctlrtl from the flume front at  an 
csscntially cwistiirrt rate, I t 4  to the conclusion that variations 
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in flame velocity were small. 
Referelice 26 states that disaclraritages iii the n~cthotls uscd 

in generating electrical and acoustical disturbarices iri rcfer- 
ence 89 were (1) no allowance for a measurement of the initial 
amplitude of the flow disturbance introduced into the flame, 
and (2) complication of acoustical disturbances by resonance 
effects. A mechanical disturbance, which could be applied 

locally to the flnme and the amplitude of which could be 
nic~tis~ired arcuriitrlj-, {viis obtniiictl witli a wire that touched 
ttir flame and vihratetl perpendicular to the flame front sur- 
face. The resulting distortion of the flame surface was sirni- 
lar to that obtained with the alternating-current field or the 
sourid. The surface area of the periodically disturbed flames, 
and hence the flame velocity, was unaffected. 

TABLE SVII1.-EFFECT OF INITIAL MIXTURE TElrIPI<I1.\TVliE OX LAJIINAR FLAlIE VELOCITY 

[Einpirirnl equations for flnme velocity relative to whitrary \wliie of 100 at  25” C;  prchsure, 1 ntm. C:ilculntioris can only h r  tn:tdc \\ h1.n B, A; 
and c are given.] 

~- 

, 
I. i o  ~ 1 

141-615 , 2-1 0. 4ix 10-3 2.11 ’ 3 

Methane _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _  Air _______.__________________ 293-703 1 ___._ _ _ _ _ _ _ _ _ _ _ _ _  
293-973 1 __... 1 ..__.__._... 1 2. 00 ~ 2 , 

(’nrhon rnonosidr- -. . .~...~. . , Air (dry). _. . _-._ . - ~  - ._..._._. 1 293-733 . - .  . 

291-873 1 0 4. 8;i 10-3 
. . - . . . . - . . . . ~ 293-723 _..... I 

2 00 1 
1 75 1 0  
2 00 2 

-~ .....- 2 1  293-973 ‘ _..___ I , .._._..._.._ 

293-573 ’ . -. . 

5. Outor i v l w  ol schlirrw cone (ho;izontnl knrlca ~IIKI’ :id\aniwl d o w n w a r d ) ,  lot;il-;ar~;i hy UI, r Z h j :  rt.1. rh. 
li. Innrr or o u k r  rilpe 01 mnp shadow. total-err% hy i’q. OhJ.  rrl.  x5. 
i .  Uuwr  KC 01 schllrren cone (horizontal knife edge udvunwd Ilownanrd), total-;irra hy vq. (2 , ) .  r1.1. R i .  
X. Luminous-conr :ingle at 11.5 r,; rt.1. 52. 
0.  Schlirrrn; ref. i 3 .  

in. I.umrnous-mnr told-arm; rrl. RR. 
11. Lunrinous-cone totnl-arra; ref. 3 i .  
12. Luminouscone-helghl total-area by eq. (2h): rrl. 37. 

These constnnts based on authors’ bellel that Sachsse had not corrrctrd his flamc vclorltles lor cxpnnsion duc l o  prv1iv:itiiiv. .Ill R ~ C I I W ’ S  curvrs itrr for lvol i  rud-o\yRrn mlrtnreq. 
d same rclation suca~s.sslufly usrd empirimlly lor Ot/(Ot+N,) -0.25 to 0.50: rrl. 51. 
= I)i~Iikratcly cquatr’rl to zrro to ninipllfy c q w s i o n  lor mRinc appliimtion. 
I Kanm of d a h  tnn l imi td  and/or h l n  scalkr  toa areat to rely on rcsulte. 
a l’ruhc~;t?c~rl o n l y  air. 
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SkPfrh (k) 

A flat flainr is sliowii Inoving into the uiiburnrtl gas. Siricv 
thc  pipe is of infinitrt length, ttic mburncd gas far from thr 
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I 

THEORIES OF LAMINAR FLAME PROPAGATION 

'I'lic plicnoniction of 1211iiiiiar fli~rne propngutioii c ~ i n  bc tlc- 
scribed by tlie use of tlie basic equations of fluid d?-namics, 
modified to account for the liberation arid conduction of heat 
and for changes in chemical species within tlie reaction zone. 
(An excellent review of the theoretical concepts of laminar 
flame propagation as of 1951 is given by ref. 8, pp. 3337-351; 
see also ref. 9.) The formulation of the problcni requires 
equnt ions of continuity for each cliemical component, of 
stnte. and of conscrratioii of eriwg-, nioni(mtiini. and totul 
muss. In ordtlr to  solve these equations for a unique flume 
velocity (eigenvalue), the following simplifying assumptions 
are made: 

(1) The flsnie is one-diIiiciisiotiu1. 
@) The flame is steady with respect to tune. 
(3) Velocity gradients may be neglected; hence, viscosity 

terms in the momentum and energy equations map be 
ignored. 

(4) Pressure is essentially constant across the flame front, 
so that the equation for conservation of momentum may 
be ignored. 

( 5 )  The effect of gravity is negligible. 
(6) The loss of energy by radiation is ncgligiblc. 
In  order to solve the mass and energy equations, boundary 

conditioris must be selected. The hot boundary for the 
flame renc-tion zone is assumed to he the condition of ther- 
modynamic equilibrium at the adiabatic fllznie temperature 
T=T, at x-,. The selection of a cold boundary with 
respect to ttie rhcmical renction involved in these equations 
requires some justification, because the rcactioii rate nevw 
falls to zero if i t  follows an Arrhenius tJ-pe relation 

( 3  0) 

H o w ~ e r ,  some reasonable approximation for a cold- 
boundary conditiori must be found. The choice of this 
cold-boundary condition is intimatel? related to the ques- 
tion of wticther or not a unique flnrric vcloc.it!- exists in  an 
e s w i  t idly scliabu t ic  syst em. 

('onsitler >I tribe of irifiriitck esterit, riilial)eticnlly isolutcd 
from tlie surroundings untl wit tiout heut-ubsoi.birig walls, 
fillcd with combustible mixture as follows: i 

Unburned gas 

flame -will be changing in composition arid temperaturc 1 

tlierniiv rtiaction, r v ~ n  at, To. Only if tlie ini*rcbasti iii t vm-  
~ ) v i ~ ~ i t i i i ~ ~ ~  tu id  rtiung(~ i n  conipositioii cxuc,tlj. c~oirip~iis~i I(' 

witli rwpcct to flt1111tl velocait>- dfcc.ts would 11 iwtistiitit f l : i t i i ( ~  

velocity be possilde. Zeldovich (wf. 511 has sIio\\-ti, i i t i i l  

i t  may be seen by comparison of thc effect of iiiitiat tempcwi- 
ture nitti the effect of dilution on flume vcloc*it>- (see previous 
data sect,ions), that  such compensation does not occur for 
c~nr\)on nioiioxidc flames. 'I'liis sugpsts t l i u t  i i i  :ui i i i f i i i i t ( , .  

adiabatic system a unique flnine vctlocity t1ot.s i i o t  cJsist, 
Howc>vtlr, t h e  reactions a t  T ,  arc  very slow, a i i d  t l ivixf i  is. 
tlicrpforc, u very long pcriotl of I l a m r b  triivcl 1)c . for .c  11 n i i ~ : i ~ -  

urablc chuiige in fiame velocity \vouIcl occur. If t l i ( 1  e q i i i i -  

tions for flame propagation including a timc-~epc,iidciic.c. 
were s r t  up ant1 solvccl for  sliort Iwriotls uf  titiic. t h e  igiiitioii 
tcnipvriiturc as a t)outidnry cotidit ion sIioiil(1 i i o t  tw I y i i i i ~ t ~ t l .  

If a steady state is assunicd, as is usuully done, an igiiitioii 
temperature is required in tlie infinite system. 

Suppose, however, tha t  there is a mixing chamber a short 
distance from the flame, as follows: 

. " _  
because of the finite (albeit extremely slow) rate of exo- 1 I)ountlary, where dT/ttx must be the same for both zones. 
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COMPREHENSIVE EQUATIONS 

Tlic following equations arc forniulntetl i i i  rcfwoiice 94 to  
dcscbribe the steady-state, one-dimerisional flariw: 
Continui tj- equations : 

For each component,: 

For the total: 

Energy equation : 

Equation of state: 
y= xy - L- rh 

i “-RT 

where I ,  is the rate of production by chemical reaction of i‘” 
sptvies (g-mole,’(cn?) (see)). 

I t  is assumed that the cold boundary is terminated by a 
flameholder that has two properties: I t  prevents back- 
diffusion of product molcculcs into the gases outside the 
cold boundary of the flame front, and it extracts an amount 
of heat qo from the flame: 

(35)  

Since equations (31) to (34) are formulated in terms of 
individual chemical species, i t  is necessary to identify each 
chemical species occurring during the combustion reaction 
: i i i c l  to k~ion- the. onthnlp.v, molecular weight, rind otlier 
p r o p ~ r t i i ~ s  of the species. It is ulso ~ieccssary to h i o w  the 
specific rates of chemical production for R sufficient number 
of species so that the rest may be calculatcvl from the dicm- 
icul cquutioiis rchtirig t h  various spc.tairs. I n  order to de- 
t,cbrminc. thtw rhemic*al kinc,tic factors, the sclienic. of re’w- 
tioli occurring in the flame ant1 the  rate constants for each 
intlepciicliwt step i n  tlir sehcmc. must be cstablislied. Rut 
this information is completely lacking for iiydrocgrbon-air 
flumrs; indeed, f c a  homogeneous, low-temperature cttemical 
reactions have h e n  incontrovertibly established. The com- 
prelivnsivc qua t ions  of Hirschfeldcr antl Curtiss have h e m  
solvtd by upproximatca inettiods for only a few of t,he simplest 
flanit,s--for c.samplr, the azornetliane (ref. 94) and ethylene 
o s i t l t .  (ref. 7) tlecomposition flames and the ozone flame (ref. 
n3/. 

,\It liotigli t I i v  c~c)iiiprr~tic.iiai\.c. tlicwrJ- of Itiniiritir fltimtbs is 
I ~ I Y I ~ ~ S I I I ~ ~ ~  for u i i  iind(~rsturitlirig of fltrrnv p r o p i ~ t ~ t i o n .  i t  is 
c,iirrc.riily irnpossihl(s to use it to p r d i c t  f l a r n i ~  vo1ocitic.s of 
liyilrocxrhons o r  t hc  vffwts of chngcbs i i i  t~xprrinit~iitril 
vnritibles witlio~it~ making further simplifying assumptions. 
It is tlt.siral)lr to tlcvchp siniplcr cqiiations for these pur-  

poses, even if some of the theoretical exactness is lost. Some 
of t hv approximiitr equations, whicli usually emphasize 
oiily orie process of the total nicchanism such as the heat- 
conduction process or the active-particle diffusion process, 
have proven quite satisfactory for the prediction of flame 
veloci t ,v . 

APPBOXIMATE EQUATIONS 

Thermal mechanism.-Both the early flame velocity 
equations of Ifallard and LeChatelier, Susselt,  Jouguet and 
(‘russard, Daniell, and Damkohler antl t lie Pquations more 
recently reported by Bechert, Bartholorn6 antl Emmons, 
Harr, and Strong are based on thernial concepts (ref. 9). 
The original, frequently quoted llallard-LeChatelier equa- 
tion was obtained siniply by equating the sensible heat gain 
in tlie preheat zone to the heat conducted from the rcaction 
zone at the T3 boundary: 

where it was assumed that 

hence, 

138) 

where Fp is the mean specific heat from To to T3 (cali(gj 
(OK)). Assumption (37)  regards the T,x curve as linear in 
the reaction zone with a slope equal to that a t  .r3 us tlc- 
termined b>- approaching x3 through t’he preheat zone. It 
involves the chemical r e a d o n  rate only indirectly through 
the reaction-zone thickness (z,.--x3). All authors since 
hlcillard and LeChatelier have included some consideration 
of tlie reaction rat,e. The early equations induded n n  
ignition terript~rtitIlrc; ho\vrvcr. it  is not c w q  to tlt>tcwninr 
t h  proper igiiitioii teniperat ure to use in sucbli equations 
(see previous discussion of T3 and fig. 127). 

Zeltlovic.li and Frank-Harncnetsky have. derivctl t in  crliin- 
tion for flame velocity for whirti the beginning bmic mLiii i -  

tioris \ v ( w  quitti c.ompr.t.lic.iisire. In its final simplificd nntl  
approximate form, it inclucles tliffrision of molecules but not 
f r w  radicals t i i i c l  atoms. As a result, it, crnplitisizes t l i c  
thermal nit~haii ism. Srrncnov (ref. 95) has presented the 
derivation of this tquation in detail. Bec~iusc, this equation, 
hereinafter called the Semenov equation, has been widely 
usrd in t’he correlat,ion of experimental flame velocities of 
hydrocarbons, it’s derivation is tliscussetl britfly. 

In  the Seinenov derivation, an ignition teniperature is used 
only as a mat8hematical device for approximate computation. 
Semcriov assilmt’s that, this ignition teniplraturc, above 
whit-li ~i(~tirIy d l  ttic rmctio.; ~cciirs,  is i i t w  tlic tlnInr 
tmipnturck ,  I)ccause the c-lieniical rcuctiori ratc is ail 

rxpiic~ntial  function of the temperature accordirig to equa- 
t ion r : l (J ) .  Hy apprnxiinat ions, thci ignition tc.mpcratiire is 
entirely eliminated from the final equat,ioli, thus making 
the quat io i l  mort’ usc.fiil than the previolls ones. The  
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following assumptions, i n  ntidition to that regnrding ignitioii 
tmipimiture n i i d  thost. stated litretofore for tlie conipre- 
liensivc tlirory, arc used: 

(1)  Diffusion is important onlj- as it affects energy baluncc. 
(2) Flame velocity may be described in terms of an  over-all 

chemical reaction; equations are set up in terms of zero- 
order, first-order (monomolecular), or second-order (bimolec- 
111nr) renctions. 

( 3 )  Sprcific ticut c ,  and tlirrmal conductivity h arc 
c-onstnll t .  

(4) Tlirrmul ditfusivit? K ' c , p  is rquul to niolerular tlif- 
fusivitj- L). 

( 5 )  Total number of molecules is constant. 
Tlic basic cquntioiis, whicli may be c.ompnrcd with the 

corrcspondiiig exact (yutitiotls (32) to (:34), are ns follows: 
Continuity cqunt ion: 

Energy cquatioii : 

G= p l  r = p , l  -F 

Equation of state: 
P To 
p,=T i34a) 

The energy equation consists of three terms, the first 
representing the heat gained by a mass element through 
conduct ion from a hotter element downstream, the second 
the loss of heat through mass transfer, and the third the 
heat evolved by tlir chemical reaction. In  the preheat zone 
r 0  to x,, it is assunied that no ctieniical reaction occurs; arid 
in the reaction zone 1, to zF, it  is assumed that the net 
mergy loss due to mass transfer may be neglected in com- 
parison with the chemical-reaction and tieat-coritluc.tion 
terms. With these assumptions, tlic equation is solved for 
C> by integrating over the preheat and reaction zones 
separately and establishing the condition of continuit1 bj. 
rquating dT/dx a t  z=xs for the two zones. The result is 

(39) 

In order to evaluate the reaction-rate integral in equation 
(39), an Arrhenius type tcmperature relation is assumed. 
It is grnrrally assunircl that the ovcr-ull reartion is bimolcc- 
d t ~ r  t w d  scrontl-order with r c y w v t  to frit4 and ou\-g:cn 
Followrig the Serricnov derivation, t hc rutr irittigrul is 

evaluated as follows: 

rIirrc vJ,eJl ancI qo2,rN are the effective mean concentrations 
)f fuel and osygrii in tlie rcwtioii zone (molec~les icm~) .  
jeiiienov states that the approximation for tlic expoitt~ntiul 
crm obtuiiicti from equations (401~) atitl (40b) is satisfactory 
'or R TF/Eoel 5 0.1 . 

Approximate solutions must be obtained for the effective 
:oncentration terms. The relation between concentration 
inci temperature is first cstablislied for a zcro-orclrr reaction 
LS follows: A new variable, 6 = c p ( T -  To)/Q,e, is iiitroducwl 
into the energy equation to give 

uliirli is formilly i c l t ~ t i t i c d  witti the rontiriuity equation 
(3%u), because, by ussuniption (4), K / C ~ = D P .  I t  can be 
shown that the boundary conditions of these equations 
coincide a t  rr and x,. If w=e for the entire interval, a 
relation between concentration and temperature is obtained : 

Equation (42) means that the sum of chemical and thermal 
energies is constant t tiroughout the flame (a condition that 
holds only where assuniption (4) is valid). Following tlie 
approximntion technique used by Semenov, this relation is 
nioc1ifietI for aiicI yo2,cll for t tw himoIct.uIar reaction 
as follows: 
For rich mixtures, rp>l : 

For lean mixtures, IP< 1 : 

m 

I 
where 

and 

144) 

(46) 

where ( ~ ~ , o / ~ 0 2 ~ o ) ~ t  is the stoichiometric fuel-oxygen ratio. 
Corrections may now be applied to some of the  tissu l ip-  

tions as follows: .issumption (3) is corrrctccl by tht. \IS(' of a 
nic'un ..lue 01 K / C ~  for the preheat zone, and i, IS tissu r tvI  
that physical propcrtirs in the reaction zone may 1x1 i t i p . +  

sentcd by t h ~ i r  values at Tp. For the I>inioleculur rrnction, 
sssuniptions (4) and ( 5 )  are correctcd t)y inserting the factors 
(K/c,pD)$ and m2, respectively, under the square root sign in 
equation (39) (m is the ratio of moles of reactants to moles 
of pmtliicts in t h r  stnirliiomrtrir rcnction). Thrsr correc- 
t ion  ftictors nnd cqimtions ( M t t ) ,  (4nt)). (43) or (44).  and 
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(45) ore sitbstitutetl into the flame velocity equation (39). 
. i f  t CT roll cc t i n p t crnis, t ti e i ~ m t  I t i n g c'q i i  i i  t ion fo r ric t i mi Y t I I re9 
is: 

For lean niixturcs, the trrm (1-(1 -j?I)/cp] is replnced 11)- 
[I-p(1-/3)], nntl for stoicliiornetric niixtrirrs it I)rcomcs 
siniply p .  

All the factors in equation (47) except 3 and E,,, can be 
estimatctl by estrnpolatiori of tliermodyriamic tables (refs. 
96 nntl 97) n i i t l  by rise of the following equntions: 

c p = c c , ,  $21 (48) 

(49) 

where cb is the molnr heat capacity (cal,'(g-niolt,) (OK)). 

The values of p for combustion-product mixtures ac re  
determined bj- the additive volume rule analogous to eqiia- 
tion (47) antl were within 1 percent of values calculntetl by 
the method of reference 98. 

For lack of better knowledge, low-temperature activation 
energies reported in the literature for the appropriate hydro- 
carbon oxitlation may he substituted for Eocl. For example, 

200, -1--- I 

1 I 
I 

1 I 
I I 

m 400 500 600 700 
Initial mixture temperature, 5. O K  

FII:URE I43.--Coinparison of nieascired antl calcrilatrd hrirnirig 
velocities for ethcne-air mixtures at diffrrent initial t~inperaliircs 
(data of ref. 16 and calculations of rrf. 49) .  

the following artivn tion energies (kcul/g-molr) \VWC risctl 
for burriiiig-velot,itv pretlictioris i n  r c ~ f w v i c w  49 t i r i t l  16:  
methane, 51 (rcf. 99) ;  propario, :iX Iwf. 1 7 ) :  i i t l ( l  e t l i c ~ r l v .  41) 
(ref. 100). In reference 49, t h t .  stwit- fuctnr 9 \\:is c ~ i i l v r i -  

lated from each experimental flame velocit>-. Thew ralutbs 
of Wwere then averaged to give 7 for the group of tlatn 
under consideration. The ratio of predicted to experimental 
flame velocity was cnIcuInt.rd as (7 / .~ ) ' /~  for c~acti point. 

Figures 143 and 144 illustrate t l i c  ngrwnicrit t)ctw-ccil 
esperimcritnl flume rclocities arid ttie rdntivcb ~ Q I I I W  ohtuiiirtl 
t),v niultiplying thc cq)t~rinitiitul vcilucas I ) > -  (7 .p ;"? .  The 
relative prctlictioris are satisfactory for t h c w  t hrw- to 
sevenfold increases in flame velocity that result from c h n g r s  
in initial temperat,ure or 02/S2 ratio. Tlir acwirac,ies of 
these arid ot tier prcdictioris for metlianc, pi'opiiri~', ni i t l  

tktlieiie are indicated in table XIX by t l i c  avc~xg,* 1 ) ~ ~ r < ~ ~ ~ i l  t 
deviation of (T/.6)1'2 from unity for eacli of the tlntn rariges 
st udied. 

Equation (47) may be furt,her simplified for pnrticdar 
purposes by making additional assumptions. For example, 
in order to predict t,he effect of initial niisturc trniperaturr 
on flame velocity, the non-temperature-tlcpt'nclcnt tcrms niuy 
be eliminatrd to give (ref. 16) 

Here it is assumed that the physical propcrt'ics of tlie 
combust,ion-zone mixture have csscntinlly t I i c  same tempcrn- 
ture-d(xpendences as the same properties liuvt. for nir ; t tiwe 
temperature-dependences for air are estiniutctl (ref. 101) as 
follows: K a T o . M ; c p a T 0 . 0 9 ; ~ ~ ~ . o a p a  T-1;andDap/paT1.87 .  The 
temperature-dependence of Z has been neglected ; Sicnirnov 
actually did not consider Z, and it does not great'ly affect the 
results of equation (52). Rrlative flame velocities (ref. 49) 
prcvlit*trtl by cqriation ( 5 2 )  nre almost as gocrcl tis tliosc 
obtained witti the more tcdious proccdurr of qr ia t ion  (47 1 .  

Thus, the Semenov equation, wlii(+i is hascvl prininrily on 
ti thermal merhctnisni but is mort' comI~r'lit.:~si\-c than rurlicr 
thcrmal theory equations, gives sat,isftwtor~ rcht ivct pw- 
dictions for fame velocities us  citticr t l i v  iiiitial tcmpcratiirr 
or the ratio 0, /N2 is varied over a wide range or cqriivalence 
ratio is varied over a narrower rangc (t'ahle SIX). 

Diffusional mechanism.-Several approxiniatc (quatioris 
lor burning velocity have been t lerivd in wtiirti tl ic diffusion 
of atoms and free radicals has been considered of major im- 
portance. These equations are b a s 4  to some tlrgree on 
speculation, hut they do follow from considerations of flame 
structure and tiit. possible influenccl of a small conccntrntion 
of rrartion-chain init iahrs on thr ratc of the rticmiical rc- 
action and suhsrqwnt'ly on t 8 h t h  prowss of flartic~ p r o p q a  t ion. 

'I 'hci  rcwoning for tt tliffiisional nicvlitiriisni h g i 1 ~ s  w i t  Ii  t l i t ,  

tlssurtiption t8hat pntc.nt,ial ositltition ( 4 i t t i i i  curriws sucnti u s  
lrydrogcn and oxygen atonis ant1 hyclroxgl rutlicds tirv prtwnt. 
in 'tlie flanic front, (zontx of maximrim t vrtipewit u r ~ )  in t h e 1  

thermodynamic cqiiilibrium c*onc~mtration for ttic flanie 
teniprrature (rrf. 102). Bccw~sc~ sonic of thesc particles, 
espccidly Iiydrogcw atoms, diffusr rapidly, it is furtlier 
assiirncd that, t.tw conwntration of c , l i t i i n  c*nrrie.rs i n  t l i e  coltler 
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(a) Semenov bimolecular equation. 
(b) Tanford-Pew equation. 

FIQURE 144.-Comparison of predicted and experimental flame vdocities (ref. 66). 
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TABLE SIX.-PERCENT AVERAGE DEVIATION I N  RATIO OF PRFiDICTED TO MEASURED FLAME VELOCITY 

_- - ---______ __- ___. 

1 Avemgc deviation, percent . I I I 

I 

Ethene _____. Stoichiometric &0.20 _____..__. 

Hydrocarbon Equivalence ratio, p 

I 

. 17- 50 I 422 33-305 ~ 12. 4 I 5. 2 __.. 12. i 1 13. 0 

0. 21 I 298 j 58- 65 1 5.0 1 3. 7 1 3. 3 1 10, 1 1 1. 8 
~ ~ _ _ _ _ _ _ _ ~  

1 

I 1fn . i .  burning velocity. 

Methane-_ . . Stoichionietric & 0.20. -. . . . 

.. . . 

I.ocal 
inis t tire 

t , - ~ p c ~ ~ t r i r t ~ ,  
O K  

- ----- 

2930 
2630 
2330 
2030 
1740 
1460 

- .___. 

I 

1,ocnl cqrii- 
l i  h i  II in  

--__-__ 
2.4X IO-' 
8.5X 10-4 
2.3X 10-4 
4 ox 10-5 
4.4x IO-' 
2 z x 10-7 
- 

0 2  

0 1 +  Nr' 
mole 

fraction 

. 2 1  

Tanford-Pease 1 Manson equa- 
Semenov equation tion 

IeculaL - 
usirlg 9 k. froin To 1 CLing 

range, equation 
cmjsec (bimo- 

data kH ! TIL 
__-_ ____ -- __ -_ ____- - ____ __-_ 

1 8  

200-6 15 19-133 2 7  I 7 8  1 8 10.3 10 1 
I 

1 307 25- 36 i 4  5 7  

Propane _ _ _ _ _  ~toicliiometric 50.20 _____..._. i 0. 21 

I M a x .  burning velocity.. -. . . ~. ~ 0. 21 
I 

Max. burning velocity ________. 0. 21 200-615 35-196 1.8 5. 8 1.8 12. 0 1-13, 8 - 1  
i 1 .17-.35 1 422 1 69-287 1 3.0 1 4 6  I .._. 6 . 8  1 5 . 3  

Average deviation lrom unity or  where xis remalning"consLant" unknown quantity In flume-velocity equation. For example. lor the Semenov equation. XIS steric 

5 I (q9)'*-l 1 
factor ,'?and percent uverngc deviation is mlculsted by XIIY). where n Is number or data points. n 

unburned gas ahead of the flame front is increased by diffu- 
sion to a value far greater than tlie thermodynamic eqiiilibri- 
um concentration for that region (e. g., table XX, from ref. 
103). A concent?ration profile similar to that shown in  figure 
145 is obtained. Even in the rold gas these art ivr partirlrs 
react rapidly, because chemical reactions involving atoms 
and free radicals generally have low energies of activation; 
that  is, the reaction rate is not very dependent on the 
temperature. Therefore, these active particles rould servr 
as initiators of the oxidation reaction. Since the ronrrntra- 
tion of active particles reaching the unburned gas by dif- 
fusion must br relatrrl to the maximum roncrntration in t t i c  

flame front, the conclusion is that flame velocity shoultl be 
related to the equilibrium concentrations at the adiabatic, 
flame temperaturr. 

I t  IS difficult to mrasure the c-oncentration of tiq"lrogr.ri 
atoms in a flame zone, but hydroxyl radicals [OH] may br 
observed spectroscopically. By use of this method, it was 
found in reference 104 that the relative concentration of 
hydroxyl radicals remained high in the unburned gas ahead 
of the visible flame zone (fig. 146). Reference 105 shows 
TABLE XX.-HYDROGEN ATOM CONCENTRATION IN 
COMBUSTION ZONE OF MOIST CARBON MONOXIDE- 

OXYCEN FLAMES (Ref. 103) 

I _ _  - - - . -  -- 

j H atom, mole fraction 

2 . 4 0 ~  10-3 
2.3iX I O F 3  
2.34X 10-5 
2.32X 10-3 
2 . 2 9 ~  1 0 - 3  
3.2tix 10-3 

that the width of the reaction zone for several hydrocurbon- 
air and -o?cygtn flames as determined from tlie temperature 
profiles of the flames is rouglily equal to the limit of diffusion 
of hydrogen atoms from the flame front into the unburned 
gas. Slrusurcmrnts and calculations sucli as those of table 
SS substantiate the assumption that the concentrations of 
active particles that diffuse ahead of the flame may be large 
enough to be important. 

K Z O  

Distance, x 

FI<;IXE 145 -\fotIcl of strrirture of flaine front (ref. 103). 

/ \ 
\ / Top of burner / 

Vertical extensnn 01 flame 
0 

F I G I  RE 146 -Measured hvdroxvl radical conrrrrtration in acetylene- 
air Aaine. Pressure, 66 millinletem of mercury (ref. 104). 
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Froin st u(Ii(ts of t lit> slon- ositlatioii o f  Iiydi~ocnrbo~is (ref. 
S, pp. %--so:! \ ,  i t  stwiis p r o l ~ t i l i l ~ ~  t l i i i t  t l i o  c*litwiicd rwwt ion 
i n  t t i c  f!tiriic. follows a vlitliii mecliaiiism. As prwiously 
statcd, t i i c  act ivation energies of rwctions betwectn fuel 
niolrcrilrs antl chain carriers are low (usually 10 kcal or 
less, ref. 106). Hence, the assumption that tlie introduc- 
tion of ~b f t w  chain carriers into relatively cool gas could 
initiate t l i c  flame reaction may also be valid. Tht. diffusion 
motlcl of flcimc propagation thus qualitstirely follows know~i 
fetttrircs of the structure of the flame niicl  the osiclat ion wac- 
tiori. Tctiifortl arid Pease (refs. 103, 107, a i d  108) havcb 
derived a n  approximate equation for flame velocity bused 
on ttir diffusion model. In  addition to the assumptions 
list cd for t l i r  caolnprelieilsive t 1iwx-y. t tic follon-irig sitnpli- 
ficat ions t i r i d  nssrmiptioris ~ v c r c  madt.: 

(1) ('liain branching does not occur. 
(2) The ratecontrolling step (or steps) in the chemical 

chain reaction is the reaction of an  active particle, such as 
t,lie tiydrogrii atom, with a fuel molecule; for esunmple, 

H+ C'H,+products ( 5 3 )  

(:%) 'I'lit. iiuriil)er of ac*tive partic1c.s is (aid(*riluttd from t tic, 

Iincar coritiriuity equation 

(54) 

where I, is the rate of production of tht1 active spwics repnrtl- 
Iws of t h t >  rructioii orcltbr of p r o c ~ w  (molt~t i1~-  ( ( -~n ' ) (sw)) .  

(4)  The rate of forniutioii of conihustiori products per 
unit area of flame surfuce can bc w-rittcw ns t l i e  integral of a 
sum of a number of terms, one for euvli nctivc partide: 

where xi,o is the total number of molecules ptbr cubic ceiiti- 
meter at initial conditions, antl ,Y, is the molr fraction of 
potential combustion product iri unburned gas. 

(ti) The fuel concentration, combustion-zoiic. tempcrn- 
turr ,  antl diffusion coefficicaiit are rxprt~ssctl tis (tonstant mran 
valucs. 'd;,, , ,  T, ,  aritl TI,, rrspwtivdy. 'I'lic rntio T,/To is 
I :illccl em, u i i t l  T ,  is art)itri~rily wsigiitltl t l i v  valtw 0.7 TV. 

( 'omplete tl t tuils  of t h e  tlcrivatioii uro giwn i n  r c ~ f t * r c ~ ~ c ~  
108. The  coritiiiuity equation (54) is solvcvl for 'di, wliic*li 
is t l i r i i  tlifferentiutetl to give bx&. By equating t l i v  I W O  

simplified expressions for product format,ion urit l t~ (4 ) c in t l  

(5 ) ,  substituting for dq/&x, arid makirig t h  iritlicutctl 

int cgratioii, tlirrti is obtained thc square-root law for flamc 

( 5 5 )  

wliere 
mole fraction of fuel in unburned gas 

8, 0.7 TF/To 
S,,. calculated mole fractiori of ith nctivc species at  equi- 

librium flame temperature TF 
D,,m diffusion coefficierit for ith species into unburned gas at 

mean combustion-zorie temperature, cni2/sec 
B,  dimensionless factor (near unity) that allows for ratlicul 

rccombina tion 
'ranford and Pease have substituted D,,o for D,,,/&, thus 
nssuiiiiiig that tlie tliffusion eoeffirirlit is proportional to t l i t b  

square of absolute temperature. 
For predicting relative flame velocities of hydrocarbons. 

equation (57) has been modified (ref. 49) as follows: The 
active particles are considered to be H, OH, and 0. It is 
assumed that D, varies with the 1.67 power of absolute 
temperature and that &=BOB= 1 .  It is further assumed 
that the specific rate constants k ,  of equation (55) can be 
replaced by a weighted mean specific rate constant k ,  
represent iiig all three active particles, so that 

(58) 

ivlirre ttir rerombination factor BH is calculated by (ref. 108) 

(59) 

The required flame temperature and active-particle concen- 
trations arch calculated, assuming adiabatic. tliermal q u i -  
librium, by the method of reference 109. Diffusion wrffi- 
&nts are computed by the Stefan-llaswell equation (ref. 
110)  to lw 1 75 for H, 0 28 for OH, and 0.4 for 0 at 298' k'. 
TIie qunritilies 'd;,m, .Yf,o, Xo,,o, nrid S, arc cakrilnttd froni 
a kiiowleclpe of tlie over-all o d a t i o n  process antl the  i n i t  i d  
furl nnd oxygen concentrations. 

With tliese modifications and substitutioiis, equation (57) 
tins brrn used in two ways with comparable success. In the  
first caw, k,  was trratetl as a semiempirical constant iridth- 
pendent of temperature; it  was calculated for each fhme 
vt4ocity from equation (57) .  The average k, for tlic group 
of data uiidcr consideration was caHd  E w ,  and the ratio of 
predict rcl to measured flame velocity was calculat vt l  as 
( ~ v , ' k a ) ' 2 .  The mean deviation of this hc to r  from uriity is 
given i n  table S I X .  In  the sccoiid methotl, t lie Arrticiiiris 
rat c' c..uprt.ssion 

k , = y J ,  e - E m c t  w / R T m  (60) 

was substitutrd. The two unknowns To and E,,et,w in this 
expression were calculated simultaneously from the flame 
velocity da ta  in which the initial ttxmperature was varied. 
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The resulting Ea,,,., was used for the prediction of burning 
velocities for the snnw liydrorarbon under othcr  experi- 
meiit t i l  cotidit ions. For each set of esperirncntal tlt itn IL 

new 3 wns calculated (table SIX). 
Fairly satisfactory predictions of maximum burning 

velocity for hydrocarbon-air mixtures in which the molecular 
structure (chain length, branching, saturation, etc.) of the 
hydrocarbon is varied map be made by either the Tanford- 
Pease equation (first met hod, Zm independent of temperature, 
ref. 111) using an average empirical rate constant for all 
compounds esccpt met>-lenr and ethenc, or by a simplificd 
form of t l i r  Semeriov eqitatioii using an average steric factor 
and a constant activation energy of 40 kilocalories per 
gram-mole for all compounds rscrpt acetylene and ct hene 
(ref. 112). Examples of these prcdictions are shown in t l i r  

following table: 

1 Burning velocity, cm/sec 

Hydrocarhon in air 

1Iewured ~ Tanford- 
Pease eq. 

I (ref. 1 1 1 )  
I 

I Methane-. .. . . 3 3 8  1 3 3 9  
Propane - . 39 0 37 7 
Hexane-.  ~~. . ~ . . . ~ . ~ . ' 38. 5 37. 3 

37. 1 
t 2.3-Di~ethvlbutai ie . .  . ~. ~. .' 36. 3 I 37. 0 
8 '  L-~Ieth~lt)~itaire ...-. ~ ~ ~ ~ ~ 36. 6 

' 2;2,3-Triin<thylbutane . . . ~. ~ 3% 9 ~ 36, 6 I Propene .__.......... ~ . . - . I  -13. 8 45. 3 

:alculated ---I Semenov 
by 

eq. (ref. 1 
112) 1 

40. 2 
3!). 0 
37. 2 
38. 8 
39. 1 
37. 0 
48. 9 
42. 0 , I-Hexene ...-. . ~ .  .~ . ~' 12. 1 41. 7 

2-Ethyl-l-hutriie.. ~ ~ 3!1. 3 -10. 7 11. 7 

wlicre J4 is tlir molrciilar wcight of activc particles, aritl T,,, 
is thc  meari.temperaturr of the rcac-tioii zotir. 

CIIL~tloll-~VolfllarIl : 

,\Iurisori : I 

model of the combustion procarss (cq. ( 7 ) )  antl does not 
inclrttle c-hcmic-al kiiicltic,s. T h e  Hanic clitniistrj- rntrrs only 
ttlrorlglt p S H ,  \~~liic~h ~ ( L S  been s u I ) s t ~ t ~ t e d  for tl ie fliimc 
pressure drop. It is iiitcresting to compare flnmc velocitirs 
predicted by this equation with the Semenov and Tanford- 
Pease predictions. In reference 49, equation (63) was used 
to predict flame velocities in two ways: (1) An empirical 
proportionality factor k, \vas rvnluated for eacli sct of ex- 
perimrwtul data (table S I X ) ,  or ( 2 )  the effects of d l  tJ-pcs 
of nctivci particles w r c ~  cotisitlcrcd bj- substituting 
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2ool 

I I I I 
0 4 8 12 16 2 0  2 4  2 8  32r10-4 

P H .  a f m  

F I C ~ R E  147.-Variation of burning velocity ~ i t h  hxdronen utuiil 
concentration for flemes of different initial mixture temperature 
(ref. 16). 

I I 3 5 0 7 1  I 

1 i 
0 .O 4 .OB .I2 .I6 .20 

FIT.I:RE l48.--C'orrtlatio11 of niexirrrurri bcirnirlg vc4oi:ity with 
relative diffusion concentration of active partitlrs for  propatic- 
oxygori-nitrogen iniutrlrrs. Variable ouygc'rl coiicriitrntiorr of 
atrriosohere (ref. 6 6 ) .  

6.5 PH + PO +@I+. d m  
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Many detailed studies of various combustible systems have 
been publislied (tablv S I V ) ,  and c~xpcriiiicnts have been 
desigiied wit ti ttic purposc' of tlistinguistiiiig Iwt 1% (YW the two 
mechanisms. Two sudi  experiments arc studies of the 
effects on burning velocity of the change in diluent from 
argon to helium (e. g., ref. 113) and of substitution of a 
deuterated hydrocarbon for a hydrogenated one (ref. 114). 
111 the former case the flame temperature remains essentially 
constant, while diffusion coefficients and thermal conductiv- 
ities change. In  the latter case the major change is in the 
most important type of chain carrier, which is usually the 
hydrogen atom but  which, on the substitution of a deutcratcd 
compound, becomes the deuterium atom. Critical examina- 
tion of all such experiments shows that diffusion effects do 
not, give unique explanations of the esperinierital da ta ;  only 
two experimental investigations appear to favor one mecha- 
nism over the other. Both indicate that diffusion map be 
more important than heat conduction: 

(1) Non-hydrogen-containing combustible systems to 
which water or hvdrogen is added show increased burning 
velocities, while hydrogen-containing systems are not greatly 
affected. The increased burning velocity is explicable on 
the basis of free-radical diffusion. For one of the two non- 
hydrogen-containing svstems studied (C0-0,) , the burning- 
velocity effect on addition of water (refs. 64 and 115) is 
also explicable on a conduction-mec.hariism basis (ref. 11 5) .  
The other s p t e m  (C,S&-A, ref. 116) is not so easily 
explained on a thermal basis. 

(2) Changes in burning velocity caused by interchanging 
argon and helium as diluents are closer to the predictions 
of diffusion theories than those of thermal theories, as 
shown by table X S I  (ref. 113). In  this table, the ratio of 
flame velocity of a mixture containing helium to that of a 
mixture containing an equal volume of argon is compared 
with the ratio of the square roots of the thermal conductivities 
of these mixtures and with the ratios of the square roots of 
tlie tlin'usion coefficients of various active particles. The 
ratios of diffusion coefficients are closer to the flame velocity 

ratio than is the ratio of thermal conductivity for all the 
fucls listed exwpt hydrogen. 

Seittier of tticsv pitw.s of cvitlt~iic~c~ is v ( ~ y  stroiig, i i t i c l  Iiotli 
are subject to criticwni as to the validity of the criteria uscd 
to judge which mechanism is operative. I t  is probable that 
both heat conduction and ttie diffusion of atoms and free 
radicals contribute to the propagation of flame, and tha t  
both concepts are needed to explain flame behavior. A 
better understanding of the mechanism of laminar flame 
propagation in  the future will result from the further devel- 
opment of ttie compretiensive ttirorJ- and the iiivcstigation 
of the chemical kinetics of flames. 

APPLICATION OF LAMINAR FLAME RESEARCH TO 
PRACTICAL COMBUSTION PROBLEMS 

A high flame vclocitJ- cwntributtls to masimum hent release 
per unit volume and enables an air-breathing engine to 
operate a t  high throughput rates without blowout. ( I t  has 
been suggested, however, that  in some cases a high flame 
velocity may contribute to instability in the region near a 
flameholder through increased shear; see ch. VI.) The  
chemical factors that are important in obtaining a high 
flame velocity are the fuel-oxygm ratio, the molecular struc- 
ture of tho fur l ,  arid the molc fraction of oxygcri in tlie air 
used. The only physical factor that has an established and 
appreciable effect on the laminar flame velocity is the initial 
mist tire temperature. (The efftlrts of flow parameters on 
tur1)ulent flame velocitv are discussed in ch. V.) The  effects 
of these factors and of less important factors are summarized 
in the following paragraphs. 

As the fuel-osygrn ratio is incrcased from the lean flam- 
mability limit, the flame vcllocity increases by a factor of 3 
or 4 to a maximum value a t  a fuel-oxygen ratio that is 1.0 
to 1.2 times the stoichiometric ratio and then decreases to 
givr a rather symmrtricd pat trrn about the maximum. 
This shows thc importalive of proprr mixtiirc preparation, 
as discwsscd in  rliiiptw I .  Bvtn-ceii t hc lean flummnt)ility 
limit and thtx stoic-tiiomctric misturr,  ttic flarnc velocity 
may be related to the fraction of stoichiometric. fucl-oxygen 

TABLE SKI.--COMPARISONS FOR FLAMES N'ITH A R G O N  . iND HI.:LILr'SI A S  I N E R T  (Ref. 113) 
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ratio by an equation such as 

which holds for ethene-, propyne-, and pentane-air mixtures. 
Empirical methods based on the bond dissociation energy 
of the fuel are reported by which CT,,mar and the correspond- 
ing cp may be predicted. 

The maximum flame velocities of all hydrocarbons with 
air at 25' C and 1 atmosphere fall in the range 30 to 80 centi- 
meters per second, with the esception of acetylene a t  142 
centimeters per second. Within this range, tlie following 
molecular structural features contribute to high flame ve- 
loci ty  : short chain length or small cycloalkane ring size, 
uiisnturatioii, and minimum ctiain branching. The effccts 
of unsaturation and branching become smaller as the chain 
length increases. Aromatic compounds generally have 
flame velocities equal to or smaller than the saturated 
hydrocarbons (alkanes, CrF = 40 cm/sec), and chain branch- 
ing has less effect on them. Alkyl oxides (e. g . ,  propylene 
oxide) have higher flame velocities tlian their parent alkenes; 
aldehydes and ketones are generally intermediate between 
alkniies arid alkenes; antl  nlcotiols antl ethers are near tlie 
alkanes. 

-411 empirical equation has been developed for the flame 
velocities of alipliatic hydrocarbons based on the number of 
various types of carbon-hydrogen bonds. The  flame veloc- 
ity of a niisture of hydrocarbons is related to the individual 
flame velocities through 

x-, -y,.,- -1 
I LY,.) 

So additives, including antiknock compounds, have bcwi 
found that will increase flame velocity beyo~icl the mixing 
effect given by the preceding equation for coiistant-presslire 
combustion. Water decreases the flame velocity of Iiydro- 
carbons somrwhat, but not as much as an equal quantity 
of nit rogcn. 
-1 factor that roiiltl cntw t l i c  j ( b t  c~oinbustiori picture cBitlic$r 

through deliberate oxygen enrichment (e, g., for a pilot 
flame) or tlirough vitiation of the combustion air (as in 
tailpipe burning) is the oxygen-nitrogen ratio, or more 
generall?-, t tie oxygen-inert ratio, For hydrocarbon-oxygen- 
nitrogeii mistures, there is a linear increase in maximum 
flame v t h i t ? ;  as the mole ratio 0, / (02+N2) is increased from 
0 15 to 0 3.5. Empirical equations have been presented for 
a numbrr of Iiydroc-arbons. If tlie nitrogen is replaced by 
an  q u a l  volumr of carbon dioxide, argon, or helium, the 
flarnc. v c h - i t y  of t tie mixt urr incwtws in t h o  ortlrr (.arbon 
(1  io Y I (I(,< i I i t  rogrn < nrgoii < t I (> I I I I 111 . 

'rile flamt- velocity can also be iric*rcascd several times hy  
incrcsasirig tlic iiiitial misturr tcrnpcmturc, ac.vordiiig to a 

relation such as that for propane-air in the range 200' to 
615' I<: 

E-,, 25 + 0.00085 T i  

This shows the advantage that could be obtained with a 
fuel injector that  would inject hot gaseous fuel into hot 
primary air. For the smaller temperature range 290' to 
420' K (or 520' to 760' R),  i t  appears that  UFaT,'.' would 
be a reasoriable assumption for many hydrocarbons. with 
tlie power increasing toward 2.0 as the high end of the tem- 
perature range is increased. 

At present, it  appears that  pressure has a negligible effect 
on flame velocity; at most, U p ~ p - o s .  Electric fields and 
acoustical and mechanical disturbances also have little or 
no effect. 

Considerable advances have bee11 made in recent years 
in the theory of the propagation of a one-dimensional steady- 
state flame. Comprehensive equations have been presented 
that take into account all the chemical species involved in 
the flame reactions with the necessary reaction rates and 
diffusion rates for each species. These comprehensive 
equations have been solved by numerical integration for the 
simplest kinds of flames, but the present state of knowledge 
does not allow their solution for the flame velocities of com- 
plex hydrocarbon flames. Instead, various simpler, approxi- 
mate equations for the laminar flame velority have bwn  
presented. bIost of these approximate equations considrr 
flame propagation to occur through a mechanism that is 
based primarily on either the conduction of heat from the 
flame to the unburned gas (thermal mechanism) or the 
diffusion of active reaction centers into the unburned gas 
(diffusional mechanism). This chapter has shown that both 
types of equations, as represented by the Semenov and 
Tanford-Pease equations, can be used to predict, generally 
within 10 or 20 perwnt, thr relative cliurigcs i n  flame velocity 
caused by charigirig t l i r  important chemical arid physical 
factors. 

The question is repeatedly raised whether heat con- 
duction or active-particle diffusion is more important in 
laminar Aamt. propagation. Siiicc both typrs of equatioiis 
usriully give rqunlly good rrlatire prctlic-tioiis of flame 
velocitJ- for the chemical and physical factors that are of 
interest to eiigine applications, the qurstion remains uti- 
solved. There are two experimeri tal investigations, neither 
of which can be (.onsidered final, that  appear to favor a 
diffusional mechanism. One shows that the addition of water 
or hydrogen to non-hydrogen-containing combustible mis-  
tures increases flame velocities, while hydrogen-c,ontaini~i~ 
systems are not greatly affected; the other shows that 
vlianges in  thr flame velocity caused by intcwlianging argon 
and helium as inert diluents are closw to t l i r i  predictions of 
tliHus~ontil q i i a t  ions t htui to tliosc of t Iicrrnnl r q u i t t i ~ ~ i s  I t  
is p r o h t ) I v  t '  at b ~ t 1 1  licut wriduction a i d  twtirc-1 n,rti(<le 
diffusion contribute to thc propagation of tiny flame; hotti 
&re iiic~lutlrtl i n  the. vomprehcwsive equations. 
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Distance, x, cm 

FIQWRE 150.-Local and integrated heat-release rates as functions 
df distance through flame. Beginning of luminous zone designated 
hy z=O;  mass air-propane ratio, 29.2, absolute pressure, 0.0594 
atmosphere; initial temperature, 46' C: 25-centimeter flat-flame 
burner (reprinted by permission from ref. 6).  

-4not her use of the equations describing laminar tlarrle 
propagation and of some of the recent experimental investi- 
gations that is of interest in engine applications is the 
calculation of maximum heat-release rates in laminar flames. 
Zeldovich (ref. 51) and Avery and Har t  (ref. 117)  have 
used thermal equations to calculate heat-release rates of 
I O L o  and 10' (Btu/(cu ft)(hr)(atm2)) for carbon monoxide 
and butane fiames, respectively. Avery and Har t  point 
out that a heat-release rate of approximately lo8 (Btu/(cu 
ft)(hr)) has been achieved at 1 atmosphere in a ramjet 
engine and that this indicates the possibility that  combustion 
rates under ramjet conditions of maximum heat release 
may be determined by kinetic factors rather than mixing 
times. Friedman and Burke (ref. 6) have used an energy 
equation analogous to equation (35) together with their 
experimental temperature profile to calculate the heat- 
release rate as a function of distance through a lean propane- 
air flame a t  0.06 atmosphrrc, with the results shown in figure 
150. 

Empirical relations for the effects of such factors as the 
ratio 02/(02+S2) and the initial temperature have already 
found use in correlations of engine performance. These 
and other correlations for engioe combustion efficiency and 
stability that include terms for the chemical reaction rates 
are discussed in subsequent chapters. 
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CHAPTER V 

TURBULENT FLAMES 

By l [E I .vrx  GERSTEIS :tiid G o H i ) o s  1.. I)L.I:C;ER 

INTRODUCTION 

‘I’hc previous cliaptcr is concwned wit11 laminar flii~nrs iii 
which a smooth, discrete flame zone exists. Such smooth 
flames (e. g., fig. 128) occur when the unburned-gas flow is 
lnniiiiar nilti undisturbed (ref. 1). Small flow disturbatices 
mny distort, the flame surface (ref. 2) arid influence the 
rate of flame propagation somewhat, but the discrete reac- 
tion zone remains. If, however, the unburned-gas flow is 
made turbulent, a diffuse, brushy flame results, and the 
rate a t  which the combustible mixture is consumed increases 
greatly. The turbulent flame, unlike the laminar one, is 
often accompanied bj- noise and rapid fluctuations of the 
flame envelope. 

For the  laminnr flame. i t  is possible to tlefirio a flame 
velocity that,  within reasonatde limits, is indepertdent of the 
esperimental apparatus. It would be equally desirnble to 
define a propagat ioii velocity for turbulent flames that 
would be iiideperident of the esperimental apparatus and 
depend only on the fuel-air misture and some easilj- identified 
properties of the flow, This is not yet possihlc, Iio\vtavcr, 
tind thc  riumc~rical values of titrbulciit p1;opagntiori vrlot.ities 
depend not only on the experimental technique hiit d s o  on 
the conccpt of turbulent flnmes assumed by the  investigator. 
Similarly, the t hroretical concepts of turbulent flnnirs are 
not so \vrll tlefincd as lumiiiar flame theories. Tlicsr points 
shoultl b~ krpt in  mirid during ronsidcration of this vhaptcbr, 
i t 1  whirt i  t h c  (wrreiit status of kno\vlctlgt~ in  tlir f i t i l t l  of 
t urbulcti t flnnir propspat ioii is tlisc~ussetl. 

SY5IBOLS 

c.ross-st,c.t ioliul t i m i  

(’oris t an t 
ronstan t 
height 
sperific heat a t  constant pressurr 
diameter 
energy 
function 
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.(dP of tlirl~lll~~llfY~ 
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spa(*(’ ticantirig r a t ( ,  
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surface nrrn 
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velocity 
turbulent component of turbulent flame velocity 
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intensity of turbulence 
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density 
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I;, ./I;. 
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CHARACTERISTICS OF TURBULENT FLAlMES 

' I ' l i t b  tiiitrirc of turbultbtit L1anic.s litis h b t i  stii(lit>(l Iiy t l i v  
pltotographic~ tec*liniqucs drvc~loped for Itiiiiiiitir f l n m w  
(ch. IV) .  Vulike t l i r  latnititir flame, t i o \ v c w ~ ,  tlic flume 
surface is very complex, atid it is difficult to locate the var- 
ious surfaces that are used to ctiaracterize laniiiiar flamtbs. 
The characteristics of some turbulent flames are dcsvribed 
I)rit+l>- i i i  t lit, followiug sect ions. 

BUNSEN FLAMES 

'I'lic turbulciit Ruiiscw ftunie tills probably r t w i w t l  thcl 
most attentioil. 1,amiiiar arid turbulent Bittiscti flames 
nrr stiowri in  fipurc 151, which compares time exposures 
of t l i e  luriiinorts zoiivs of H laniitinr t i i i t l  a t iirhulciit flnmc. 
' l ' l i ( b  tliffusr tippcurunc-c. of t l i c  tinit. rsposrrr(b of t l i o  lrtniitioiis 

turbulent flanie zone is due to the rapid oscillations of a 
ir-ritikled flame front, which caii be seen in iiistatitatieous 
sdilieren photographs (ref. 1). Superposition of the  schlieren 
photograph on the luminous photograph shows that the 
tatidom fluctuations of the instaiittltieous flnmr frotit are 
coiittiitied within t l i c  luniitious ~ i v e l o p c  (rcf. 1, p.  481 ) .  

Flame height.--.is long as the approach f l ~  of uribnrried 
piis to\r-nr(l i i i i  opeii flt1n:c remtiitis Intniiiur. uii itic.rwst. iii 

t l i c ,  t i v t w p ~  s t i w r n  vvloinity is niuirituinctl ac.c~orcliiig to 
qiiatioii ( 1  i of ctiapter IV.  The u"~ liriglit iiicwasc,s cor- 
twpot i~l i t tg ly.  t i i i t l  for ti p tdwt ly  w i i i c d  ftamc, t l i t ~  rchtioii 
l ) c t \v tvv  IY)IN~ Ilviplit i i i i t l  tiwragr st r twn vcloc4tp is givcii  

C-37OW Laminar Turbulent 

- -  5 7  , . :I 
I li. * 1:; 4 

.*I I O  



BASIC COKSIDER.iI'IOSS IS THE COMBUSTION OF HYDROCARBOX FVELS WITH AIR 163 
For a given burner diarrwtrr, . t lw f l t "  hciglit incwasc>s 
with vt4ocity; t i t  a givrri velocity t t w  flanic Iicliglit dww~iises 
as iiitrnsity of t i i l b u l t w x *  iiicrtviscs. At higliw vt4ocitir.s 
a grt1atr.r mciss of furl is cmsunicd. 'I'lic ratio b,,/170, then,  is 
proportional to tlie flame ht4gtit per uu i t  mass flow for a 
given burner. A plot of bF, ' fv ,  ugniiist 4.; (fig. 155) shows 
that the height per unit mass flow tlerreasvs regularly with 
increase in t l i c  inttwsity of tui.t)iilt~iic~c. I I I  otlirr wortls. 
more heat is rdt~us td  iri n pivw Iciigtli n s  t l ic  iritc&ty of 
turbulrric~r is iricwvistd. 

YO91 
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FIGVRE lX.--\-ariaiiosr of half Inwsli witit11 \\ i t l r  Reyi io lds  t iusi i iwr.  
(‘onstant dcsisity atid viscosity (rcf. 3 ) .  

Bittkrr (rcf. 7 1  Iiavc cornpnrd tllc. l i d i t  iritcbnsity vniittcd 1)y 
Itiriiiniir unci turtrdcrit propiinti-uir flumos rlridtsr siniilnr con- 
ditions of flow rat<. nntl ftrcl-air ratio. Fort dianicters ivcrt’ 
varied to obttiin luminnr and turhultmt flames. A photocdl 
\vas i i s t d  to rncwxirr t t ic  intcnsity of t h e  lipllt passing tllro\igll 
,,itIier a yr~ltow filter (prinvipnlly C2 rndiationi or a bl1ic 
filter (principally CH radiation). .is shown in figure 157,  
the  rudiation intrnsity for both the laminar and turbulent 
flnmrs coiiicidvs at cqiinl rnistrirr fow rates. ‘I’tw data 

.. ~~ . - - . ,  . , ~ , . ~ - - -  - - ~ -  T 3 2  

Flames Equrvolence 
2.8-+ o Turbulent ratio, -- 

0 Lominor Y, 
~ . ~- . -~~~ . . _ _  

2 4  [- . . - . . ~ .~ .- ~ - ~ ~ I  1.20. - -. 

shown w r r  obtniued with the yellow filter; similar results 
w i v  found with the 1)lue filter. 

‘I’lic ratio of intonsitics measured with thtb blric~ ~ind yrllo~v 
filters was found to be a function of equiva1ciic.c. ratio for t l i v  
laminar flames. Examination of this ratio for turbulent, 
flames showed that the fuel-air ratio obtained from the in- 
tensities agreed well with t,he measured fuel-air ratio except 
for the points at un cqriivnlcnce ratio a t  1.20 above a fuel 
flow of 10 cwhic vcntirnetrn per srrond. Tticsc points 
st1ow.d a Icuner fricl-air ratio based on tlic intrrisitp ratio 
tlian tlic nirterc.d fuel-air ratio. Ttic rrsults sriggc.st thiit 
ttw mixture is diluted with secondary air at thc 1iiglic.r fro\\ 
rates. A reasonable conclusion can be drawn from tho  co- 
invidence of the intensity measurements for Iaminnr and 
trii~bulcnt flames where dilutiou is not susprctcd. It  is t l i i i t ,  

both types of flames have similar concentrutions of niolcc.rhr 
species exposed to a similar temperature profilf>; i n  otlwr 
words, that the laminar and  turbulent Barnes have a siniilur, 
small-scale structure. Unfortunately, otlirr possi t d i t i c - n  
exist. I t  is possible that the structures of tlie laminar and 
turbulent flames differ brit that  tlip iict r c d t  of t l ic  diffwcwI 
conrrntration and temperature profiles prodriws t lw  si“ 
light intensity through a given filter. 

FLAMES IN TUBES 

Only a limitctl amount of t ) a s i c .  work has twcw tlotic. oil 

t I i c  vdocity ami :structure of turbulent. Hmic.s in  t ulws. 
.\.[any investigators have rioted that a laminar flame i n  ii 

tube can become oscillatory arid 511alIy btvome tiiHiisr a i i t l  

wririklcd like a trirbrrl(~rit h r n c ~  flamtx. 111 :in c.spc~rinirii~ 
in  wliic*li t l i v  gas velocity alic*atl of ttie fiariic. \vas riic~nsurcvl, 
it was found that the turbulcnt flume nppcwcvt wlicw t l i c  
gas flow aliead of the flame had a Reynolds ~iuniber cwwcliirg 
2000 (ref. 8 ) .  Iii ttie (’me of flames propgat ing  townrtl 
t l w  c*losctl ctid of a tubc, a t u r h l w t  c.irc-iiliitory niotioii is 
sct u p  alictul of the fiamc, rrcating u t i i i 4 ~ 1 1 l i ~ 1 1 t  flnlriv. l i i  
all i ’ t w s ,  t tic spatial rutcb of fliinit. propiptioii  iiic-rviisc.:: 

\ v h w  t he t urbulcnt flamt. apptws. 

FLAMES SUPPORTED O N  RODS (V-FLAMFSI 

-i tc~c~tinique that lias crcxatcd c.orisitlrral)lc~ inttw.st 1 ) w i i r i s i ~  
of its similarity to flarncls supported on f1arnc~holcliv-s is t lw  
V-ftamc mctliotl, in which tlip flame is supportid on a rotl. 
Essrntially, the V-flame measures the ability of t,lle fin~lie to  
spread from tlic sheltered zone near t.hc stabilizer into the 
unburned gas flowing pnst it. The greater the burning 
rate, the wider ttie flame will grow at  a given distance from 
ttie flameholder. The flame width, then, is a “ s u r e  of 
the burning rat,e. Both laminar and turbulr.nt flames havch 
twrn studied with this tcdiriique. 

TURBULENT FLAME VELOClTY 

MEASUREMENT 

Open burner flames.-Tlia earliest niiwuremcnts of a 
turhilrnt  flamc velocity were those of reference 9, in wliicli 
it was assumcil that  ttie inner boundary of the trirbuleiiL 
flanic rrpresentcd a zonc’ of maximum burning rate or tliv 
turbiilcwt flame velocity, while the outer bouiitlary repw- 
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f i i i i i i r  vdocity. The siirfiicc ~irrfls corrrspontliiig to t hrsc 
n)iirs were m c ~ i s u r c ~ l ,  iiritl flnnic vrloc.it ics \vrro ( * i i l ( ~ u l ~ i t o ~ l  

by a total-arra mctliod using c.quatioli ( 1  j of chiptcr IV.  
Tlw flamc v c h i t y  rnlculat.cd from t l t r  iiiiiw surfarc. is a 
maximum value and rorrwponds to t l i e  Iiypotlitbt i c d  c w i c l i -  
tioil t.hat at any instaiit ti11 t,lw tlame rsists along this surfarc. 
.is is evident from iristari taii(*orrs srlilicwn pliotogrriphs of 
tnrl)ulciit flanws, only part of t h e  tlnnw rsists at t I I V  i i i i i c y .  

surfiicc at a i i ~  instalit. 
1 1 1  cwnsitlrriiig t l ic  fliictuuti~ig iititurc' of a tiirlnilwit flsriic~, 

ii l ir i t . ,  sucli ns the tlaslicd liiic. i n  figurr I5X. might lw t l r i i u t i  

solnewhere bibtween tlit' iiirirr and outer bouiiclarics to 
indicate a m(wi flame srirfnrcl ahout aliirlr t l i e  iiisttrntaneous 
Hiilmc front oscillntcbs. T t miplit c-oiisidrrcvl t l i v  most 
p i d d ) I t ~  positioii of any givcvi iiivrrmcvit of fluiiir front.  
111 rrfcreiice 3, the line was drawn midway b e t w t w  the 
inlier anti out,er boundaries; such a surfare does not givc 
tr mean surface area. In rt-fertwe 10. the locus of maximum 
light iiitensity detrrmined from tlrnsitorneter measurrmcnts 
o i i  the time q " u r t *  wis ustvl. Siiicv tlie extrcmt. l~ountl- 
iiritls of a turbulcrit fluinc iirr quit(> tliflusc., this inc.tliod of 
tletrrmining a mean howitlnry is more prerisc a i i c l  more 
iwiclilp rcprotluwtl. . \ I o i ~ >  rtwntly,  i t  litis t ) t ~ r i  sliowii 

(rrf. 4) that t hr surfnee of niasirniiin light intcwsity rorrr- 
spoiitls rlostdy to t ltr surfarr of mcixinium ratc of oxygeti 
(witsumption. Tlic H i m c  velocity o1)tiiiiirtl from tltwsitom- 
vtrr  t r t i c w  is iritcrrnrcliiitc brt.wcii tlie minimum and the 
musimum of rrferencr 9; there is no simple relation 1)etween 
t Irct mt~simum Anme velocity of rvfcrrrirr 9 and the tnrbulcnt 
I l i i r w  vrlocitp of rrfrrc>nrc 10. I~c~c~ausc tlic climciisiorrs of the 
fltinic brush d i a ~ i p ( ~  tis flow coiitlitioiis change (fig. 15G). 

Kcftwric*t.s 3 aittl 9 rcyort Hame vrlocities computet1 by a 
t otul-archa inctllocl I)asrtl on surface-of-revolutiori formulas 
( ( a h .  I V ,  q. (211)); wlicwns, iri rcfrrtw~c 10, air anglr metliotl 
\\.ais iiscvl ((41. I V ,  ('(1. (3)). I t  is important to note, liow- 
ibvvrq I Iiiit, iioiw of tlicsr mcxtliotls of c ~ ) r i i p u t  iiig t u i h r i l r r i t  

I l i i i i i v  \docity rori~c~spontls to tliut for wriiput irtp t l i c !  lnriiiiiur 
Iliimc vc.locit.y, wliicli is tleSricd as tlic flow vc1oc:ity of 
~ i i i l ~ ~ ~ r ~ i t d  pas ~~~~i~p t~ r i t l i cu l a r  to t h v  iiistiiritanrous f l t u "  

siii.foc*r. The c.ul~dtitctl turbulcrit flcirrie velocsity rorre- 
spoiicls to t INS Ilow vc4wity of  uiibi irt i t t l  gas pcvpritlicwlar 
to a time-avrragcd position of the flame, arid the irrstori- 
tont~ous flame surfarc arw cloes not entw thc: calculatiori. 
S o  prcrise measrirrinerits have becri made of t l i e  velocity 
iiormal to the actual flame surface, Rlthollgh the lamirinr 
flame velocity does criter many of the proposed tlieorrtiral 
txhtions discussed in this cliaptw. 

. in examination of many turbulent flames tias shown that  
the niean flame surface is approximately a paraboloicl of 
revolut,ion about the burlier axis (ref. 5). With this assump- 
t ion, it is possible to calculate t h c x  mrari flame surftit#(% ~ W I L  

SF.T from the mroii 1reipliL 6, arid port radius r p  hy thr  
cqiiution 

r2 
26, 

Wlieri -'-<<2b,, the equation reduecs to 
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Flames supported on rods (V-flames).-Tlitb t urt)iilcrit 

iiiaiincr analogous to tlic laminnr V-Aamc. t d i .  IV). Coil- 
sitler the sketch i n  figure 158 (ref. 14). The total lcrigtli of 
burning surface of one side of the V-flame is E, the approach- 
stream velocity is 7.,,, and the duct half-width is V7d , /2 .  
Consider the flame segment os', which extends from the 

1 
V-Llllnlc 11111> I)C uwtl to ~ i t ~ t ~ ~ r l l ~ l l l ~ ~  L l l C ,  f I t 1 1 1 w  v t k w t )  I l l  n 

: 
2 .8 .. 

- 
flurnelioldrr to the point d i e r e  t l i r  flame half-width is llF,2. 
~ i i t -  unburne(i gns t h u t  c3nters segment OS' originall>- IiatI u 
strc.ani-tubt. half-width ll-F,2,0 and velocity [ * "  in tlic tip- 
proach strc"~. In t l i is  two-dimtwsioiial systc'm. It;, ? ,  

r t y F , , , ,  and OS' art1 rrprcsentativc. of areas; and, s i i i c ~ ~  the 
prrssure drop due to combustion is small, the densit?- of the 
ui~l)urii t~l  pns may be assumed constant. Heiice, t h e  
produ(.t 1i-Ft2r ~ is coiistiint for voriswvatioii of niaqs. By 
nnnlogy to equation (1) of chapter IV,  the average tiirbultmt 
flame velocity for the segment is 

( 5 )  

I 
I , Flow lube 

c- -@-F/zo- 
I 
I 
I A 
I 
I 
I I 
1 
I I 

4 

r I I 0 .2 4 .6 .e I O  
fraction of fuel burned. L 

FII;I .RE I.i\).-C'alculated variation of ratio af faille w i d t h  t o  clmrutwr 
width wi th  fraction of fuel burncd up to point of iiieasureiiiciit of 
flame width (ref. 14). 

EPFISCTY OF CHEMICAL V A H I A D I . R S  
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I Turbulent flow, Inner cone 
Lominor flow, inner cone 

- 
--- 

I ---_ Turbulent and lominor flow, oulercone 

I I I I 

FIGURE lCiO.--\.ariatiuii of ratio of tur lx i lent  to  
laminar flame velocity with fraction of radial 
distance froni tiibe axis to rim, for stoichio- 
metric acetvlene-air and natural-gas-air flalces. 
Reynolds nunit)er. 25.000 (ref. 10). 

u 4  I ! -  1 
0 10 20 30 

Propow conceniroiion, perceni by volume 

FIGURE 161.--FXcct of f u d  coiiccntration 011 larninar ancl t i i rbu len t  
flame vrlncitirs of propane-ouyqcsn iiii\trircs (ref. !Ij .  

showti in figure. 161. wlicre t h e  claslicd w r v r  i ~ p r r w ~ i t s  
IiiCas~ir~~iiiCtits I)ascvl on t l i c  orttclr I )oi i~ i~l : t i~ ,~-  of I I I P  fh i r i i c .  

brirsli and ttir solid curves are h s c d  on t tic ititic>r houiitliyv. 

Accsortlitig to referetire 9, these vrlocitics i~c~prcscvt t laniirii~r. 
arid turbuletit flame velocities, rrspwtivcl?-. The dusticd 
curve sliows laminar flamc velocities nirtisrirrd from t lie 

outer boundary of the luminous zoii(' of t i  lamirinr flame. 
As would be espwtetl ,  i f  t h e  outer I)oriiitlut~y of thc  turbu- 
lent flame brusli dors represent a laniitiar flunir vrlocit!-, all 
t l i c  points computed from i t ,  irrrspcctive of tube  sizr or flow 
cliaructcristics, fall oti a sitigle curvr. Thc dot-tlnshetl curvv, 
r~yxwmti t ig  laniitinr fltiriie vclacitJ- bnstd 011 the ititier 
boundary of the lnmirious zone, might be c)spected to  fall 
abovr the dashed c i t r ~ r  btmiirsc of tlic f i n i t c h  tliic*l;rit~ss of tllr 
Irttriitioits ZOIIC.  The. tiirbitlwt thii~ivs d iow ii txpidl>. i l l -  

creasing velocity from rich mist tires ton.titd stoicliiomctric. 
Unfortunately, leaiier flames were uiistu1)lc ntid could iiot lw 
studied. I t  should be noted that tltc Itigher flame velocities 
in  figure 161 were mrasrired with Iiiglirr flnw vrfoc.itics, PO 

that the  increase i n  fliirne veloc.it,v \viis tiot c l i i c .  to clitiiigw i l l  

fuel-oxidatit rntio t~loric; arid, u s  will I ) ( >  csvitltbiit i t i  t l i r  (lis- 
cussion of t he  rffrct of flow velocitJ- oti t u r lden t  f l t t i ~ i ~ .  

velocity, t i i r  irirrcnws i t i  Hnrne wlocit?- froin ric*li to stoirliio- 
mrtrir misturrs W W P  ptwitcbr tltnii w o u l ~ t  h c>spcc-tctl from 
the effect of fuel-oxitlatit ratio alotie. 

Iri refwcriw :$. 11 r i i o t x ~  cornplctr nt i t ~ l ~ ~  wis n i n ~ l ~  of itit1 

rffect of f i i r l  ( . o t i ( , ( ~ i i t t , ~ i t i o i i  of ctlit.ttc-iiir fllttnrs o t i  ii ",-i i ic*li  

burtier risitig flow vclocitJ- (rspresstvi i i i  tci~ms of R(y io l ( l s  
riumbrr) as ti pnramctrr. The cltitn iiro siio\vii i t t  figiirv 162. 

- , -7-~ - __-___-- 
Reyndds 
number. 

33,700 120 

____- 

~ - -.~-_-~ - ~- ~ . ~ 

.1____--- ~- .. I-_ 
5 6 7 8 9 IO 

Fuel, percenl 

FIGURE 162.--Effect of fuel concrntretion on turtjulent flame velocity 
Coilstarit of cthenc-air inistiires at various Ileynoltis ~ i i i i i i l ~ t * r ~ .  

density and viscosity: $/a-inch burner (ref. 3 ) .  
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FIGURE 164.-Vsriation of ratio L'p/U, wlth d q n a r  for laminar 
and turtiiilwt flanien of methane and hutane 
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FIGVRE 165.--Effect of fuel-air ratio oil tur lderr t  flame velocity of 
Cambridge-city-gas-air rxiisturcs rricasured froin coiifi~~ed V-  
flames .at various chatiiber entrance velocitirs (ref. 14). 

. 

The curves indicate a masimum sligli tly richer tlinn stoiclii- 
omet,ric, tlie maximum not shiftilig apprcc.ictbly wit ti 
Reynolds number. 

Reference 15 reports a slight stiift of t l w  niarimum townrtl 
richer mixtures a t  higlicr tnrbuleiice levels for butane finnit.s. 
The turbu1eiic.e was produced by s('rctws for most of the 
rases sliowii iri figure lti:<. The ~ u r v c s  i n  figure 163 I i u w  

similar stiuptxs. Ttic d t i t ; i  lire replot t v c l  in figure I64 nlorig 
with ad(litiona1 datu ut,tuilit~d for mc~ti ia i i t~  ( rc f .  4). Tlie 
curve drawn ttirorigh the datu is u parabola with t h t x  

equa tiori 

While tlirre is consitlrrut,l(. ,c-uttt'r, the equation serves as a 
roriveiiierit means o f  iritcrpolation 1 1 1  t lw  rpgion near the 
maximum. 

The V-flame data of reftwiiccb 14 prcstlited in figure 165 
also show a masimum a t  fuel-air ratios near the laminar 
maximum. 'Tlie effect of vdocity is not quite as clear-cut 
as that of refererice : 3 ,  since tlie 50-foot-per-second curve 
falls above the lOO-foot-pi.r-secori(1 rurve. The flames were 
turbulent, ultliough in  t l i cs r  ( w e ' ~  the approach flow w a s  
lamiiiur. 'l'lic. turt)ulriic~c~ i n  the flume was attributed to a 
tlamc-gcric,ratcd turl  . ' imw,  tile t4'tv-t iiicreasilig with iri- 
creasing velocity. This point is discussed in a subsequeiit 
scctiori in this chapter. The results are relatively inde- 
pendent of stabilizer size and shape and are uisensitive to 
the introduction of turbulence-producing screens just ahead 
of the stabilizer. 
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FIGCRE 166.-Comparison of equivalent cone flame velocity with 
laniinar flairie velocity. Hydrogen-oxygen flames on 0.3-milli- 
meter burner (ref. l i ) .  

I !  , I- - -~ * ~ - -  1 - 
( a \ /  I 1 1  1 . 1  

Fuel type.-Reference 3 shows that thr turbulent flame 
velocities for propane-, etlicne-, and acetylene-air flames are 
empirically correlated by the expression showing a direct 
proportionality to lamiiiar flame velocity (table LYII). 
Thus, turbulent flame velocity, under thc ronditions studied, 
niiglit be expected to vary with hydrocarboil structure in the 
same way that laminar flume velocity varies. This is also in 
agreement with the theoretical treatments of references 10, 
14, and 16. 

EFFECTS OF PHYSICAL VARIABLES 

Pressure.-Tl~ere is no ntlrquate infornitition on the 
effects of pressure on  turbultlnt flame velocity. However, 
the problem is considered in reference 17, in which turbulent 
hydrogen-oxygen flames a t  a pressure of 14.6 atmospheres 
ivew studied. Thth biiriitv dinmcttxr uritl t t i t ,  licight of the 
qui\-:ilent r o n r  tlrtintvl by the anglc of the turhulcut flume 
iic:ir the burner rim in equation (2a) of chapter IV were used 

I Mist ure 

to obtain an equi\-alent conc area. An equivalcnt flamr 
velocity for thc  turbulent flame wis t I i c , n  computed from 
this area by equation (11 of chnptcr I\-. Since l > . T ' L > , L  
approaches 1 near the rim (fig. 160), these flame velocities 
would be near the laminar flame velocities. 

A comparison of these computed velocities a t  a pressure 
of 14.6 atmospheres with laminar flame velocities a t  1 atmos- 
phere is shown in figure 166. The effect of pressure is diffi- 
cult to discuss quantitatively, since the flames were small 
and the measurements are necessarily lcss reliable ttiari t Iiose 
obtained for slower flumes. 

Temperature.-The effect of initial air temperature 011 

turbulent flame velocity of coke-oven-gas-air mixtures was 
measured by Heiligenstaedt (ref. 18), wliose ciirv(>s arch 
replottrtl in terms of 1; T! in figurc lfi7(a). The i i i i r c b r  

flame surface was used and assumed to be a right circular 
cone. Although three distinct curws for the three temper- 
atures appear in the figure, indicating a small negative 
temperature dependence of C T P , T I i T F ,  L, Reynolds number 
correlates the data to within 10 pcrcerit over the rang'  loo 
to 400' C'. Heiliprri5tacvlt rrportetl the turbulciit flanie 

Reynolds nrim- 1 Relation Refcreiice 

1 1 Propane-air ._._. .._. _.. 1 Ethene-air &..- -. ._ .. __. . I 1  3,000-10,000 
Acetylene-air a. . . . . -. -. .I I Ur, r=  UP, ~ ( 0 .  18&'~YW2') : 3 , 

I I 
1 I __-__ p_-__- - - 

* Fuel-oxidant ratio for niavimiim tiirhiilent flnme velocitv 
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velocity to increase approximately as the 1.6 power of the 
absolute initid tcwptwit u r ~ :  

According to Delbourg (ref. 18), for town-gas-air flames, 

(9) 

Thus, for both of thesc examples the ratio of turbulent to 
laminar flame velocity is pmctically indPpeiitlent of initial 
t enipera t ure. 

Velocity and turbulence promotion.-Several investigators 
have studied the effect of Bow velocity and turbulence 
promotors on turbulmt flnnie velocity. Tube diameter was 
also varied in itiost of t l i t w  iriwstigatiotis. C'hapter IV 
pointed out that the luniiriitr fame velocity is indepencleut 
of flow velocity. At a Revnolds number of about 2000, how- 
ever, the flow becomes turbulent and flame velocity rises 
rapidly. The turbulent flame velocity increases with in- 

Reynolds number, Re 
(b) Tonn-gas-air flames Constant density and viscosity (ref. 

(Symbols indicate points of constant fuel-air ratio unspeci- 18). 
fied by reference 1 

-r - - -  
I -  

I 

I 

i ~ 1 ----l-r-- 1 
$-GI c -- - - 1 -- - 4  
4 . , 

- S L  , 

(c) Propane-oxygen flames. cons tan t  denwity arid viscosity (ref. 9). 

(wusiiig flow velocity. Siiicc Reyrioltls Iiunibcr is propor- 
t ioi iul  to !low vialocity, t l i v  flii~nct vclority c l i i t t i  IWC' often 
plotted against Rrynoltls Iiuinbw. X plot of thv ratio 
r T F , T J  tTF,& against Reynolds number is showii i n  figure 167(b) 
(ref. 18). The Bunsen-burner technique using t'he iiiner 
flame boundary wns employed. The lincw portion of the 
curve is represented by the equation C ' ~ , ~ / C ~ ~ , ~ = 0 . 0 8 8 f ~ ~ " ' ' .  
Damkoliler (ref. 9) used the  same tec-Iiiiiqur for propanc- 
oxygen flames. His results are sliown i n  figure 167(c). 
Damkoliler suggests that l y F q T / l  7p,L should be proportiuiid 
to Z L ' ~ ~ . ~  near the traiisitiori and proportionul to /?cl.O at tlir 
higher Reynolds numbers. Examination of his data, Iiow- 
ever, indicates that tlir fiea.' corrclation would represcwt all 
the datu with sntisfuctory prt~%on. r 1 7 i ~ >  c~:ilcwliitcvl curve 
in figure 1 t iT(cj  is tlisrusstd in  11 1att.r s tv t io i i .  I ) : i~ i ikd i l~~r ' s  
data include a variation i n  tube diumottxr. The effect of 
tube diameter is adequately correlated by the Rrynoltls 
number. 

Acetylene 
_ _ L _ _ _ _ L -  

0 - 

L , d )  j propane 1 4:5 1 _I 
.=o 10 20 30 4 0  I I O  

Reynolds number, Re 

(d) Hydrocarbon-air flames. Constant density and viscosity (ref, 3).  
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The variation of the ratio of turbulent to lamirlar flame 
velocity for acetylrne-, etliriic-. and propane-air flames is 
shown in figure 167(d) (ref. 3) .  These data were obtained 
from the mean surface of a turbulent Bunsen flame. Em- 
pirical equations for the curves are given in table XXII. I n  
general, the flame velocity ratio varies with Re0.“, but 
separate lines are found for different tube diameters, Wohl 
(ref. 6) has also studied the effect of flow velocity on flame 
velocity. He  finds a linear relation between flame velocity 
and flow velocity. Examination of a log-log plot of Toh l ’ s  
data,  however, shows that a line of approximately 0.25 
slope would fit reasonably well. 

While Reynolds number has been used as a correlating 
parameter for the effects of flow velocity and tube diameter 
on the ratio of turbulrnt to laminar flame vclocity in tlir 
previous discussion, the other parameters involved in  the 
Reynolds number have not been varied appreciably. Wagner 
(ref. 5 )  has studied the effect of kinematic-viscosity changes 
on the ratio of turbulent to laminar flame velocity by the 
use of argon and helium instead of nitrogen as the inert gas 
in the oxidant. The proportion of each diluent to oxgyen 
ww maintained the same as the nitrogen-oxygen ratio in 
air. The following results were obtained: 

(1) For propane-oxygen-nitrogen : 

crps ~ R ~ 0 . 2 5  K 
(2) For propane-oiygen-helium : 

~i Pro pone, 
percent 

U F . L  

(3) For propane-oxygen-argon : 

I .4 

1.2 

These equations include data obtained with tubes of various 
6 I I I I I I / !  

4 

I i I i I I I 

I 2 3 4 + ‘4 ‘UC L ’ 
FIGURE 168.-Variation of ratio of turbulerit to laminar flame velocity 

with parameter u v ( U 0 /  C’I ,L) .  Propane-air flames on  various rec- 
tnnqulrrr nozzles at various furl-air ratios and velocities (ref. 19). 

- 
0 

L.Li1-i 1 I I 
5 IO 15 2 0  

Distance from screen, cm 
FIGURE 169.-Veriation of ratio of turbulent to laminar flame velocity 

with distance from screen of 6.0-millimeter mesh and 1.5-millimeter 
wire diameter. Propane-air flames inside 5.1-centimeter tube 
movinK aqainst flow velocity of 58.8 centimeters per second (ref. 13). 
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FIGURE 170.-Variation of ratio of turbulent to  laniiiiar flarne velocity 
a.ith turbriltvicr iritc-risity for varioris prolmbility perwntayrs (ref. 
13). 

diameter. 111 addition to the fact. that  different slopes 
were obtained with the different dilueiits, the lines were also 
displaced, indicating that the proportionality constants 
are also different. I t  thus appears that' the Reynolds 
Iirtttit)rr of the npproiicli flow is not an iitlrquatc~ corrclating 
parameter, but rattier that the product (To.mdrubb is the 
actual correlating parameter for a given set of data. 

An insight into t he  r t w o i i  for t l i t x  tliffrrrnt bt>havior of the 
various cliluents may 1~ obtaiiird t)!- rsaniining the turbu- 
lence intensities niensurtd i indrr itlcnticiil flow conditions 
but  i n  t h e  u1)stwc.t~ of ftanie. Ttir iritcvisit?- of turhulence 
(ref.  5 )  \bas fouiitl to bc 4.9 percrnt for t l i c  argon-oxygen 
mistwe, 4.1 percent for the iiitrogtw-osygtm mixt,ure, and 
2.0 ptwent for the Iieliuni-oxygcii niistiirr. If i t  is assumed 
tlilLt tlir t i i r \ )u lv i iw  u r i c 1  not ttic flow v r h i t y  is t l i v  important' 
factor tletcniiiniiig L*F,T ,  it' is riot, surprising t h a t  the ratio 
C r F , T / C > . L  for the ht.liurn-c.oiituiiiinp mixtures alwa~-s fell 
h l o w  t h e  ilatn for argon- i t i i t l  i i i t i , o ~ i , i i - ( . ~ ~ i i t i i i i i i i i g  mixtures. 

Dtimliblllrr (rtnf. !I )  liiis supgc.st(t(l t l i 1 i t  t lw ratio r 7 p , T ' (  rF.L 

should lie rclatccl to the  ratio of turhi l twt  t o  lainiiiur cliffusiv- 
i t> - .  This riitio r ~ i i i  tics o l ) t a i i i c s t l  by r:ilculiitiiig t l i t e  ltvyriolds 
nuniber froin t l i c  iritcrisitJ- of t u r l ~ u l ~ ~ n c ~ t ~  a i i t l  sculr~ iiistcatl of 
tlic mean flow vvlocity riritl t i i h  clianit~tc~r. A Reyioltls 
iiriinl)or 1)tisi~I on t t i t w  t i i r I ) i i l v i i i ~ i ~  ptirtiiiit,tisrs ! \ t i s  found i n  
r t ~ f i ~ r r ~ n w  9 t o  hriiig t i l t )  t1;it:i for t 1 i v  n r i o u h  , l i l i ~ c ~ i i t s  tocc~tlivr. 

.iltliougti vvlocity i t n i l  Kt~,niolt ls  i i i i i i i l i , b r  arc' r ~ ~ l t i t t ~ l  i o  t l w  
inteiisity ant1 s c - u l t b  of tiirl)ultwct. in  pip($ flow, t l i c >  turtm1tw.c 
is not isotropk. Stwwil invcbst ig:bt ors Jitivo uwtl scrtvns of 
known c*hi~rnc*tcrist irs t o  p r o ( I u ( ~  t i i r l i r i l t ~ r i c ~ v  i i i  t l i v  ui i l )urnc?l  
gas. I n  rcfrrrnc*c~ 19. ti rrv~triiiguhr R i i i i s c b i i  l)uriit>r was ilsc~l ; 

the ratio of turbulent to laminar flame velocity and the 
intensity of turbulencc iii the narrow dimension of the 1)urrit.r 
were correlated. The  results arc slioivn in figure 168. In 
reference 20, a similar technique was used with a symmetrical 
burner; the results correlated with the turbulence intensity 
along the direction of flow. A tube method was used in 
reference 12; the spatial velocity as a function of distance 
froni the turbulence-producing screen was measured. Sinw 
the intensity of turbulence varies with distance from thtl 
screen. the results (fig. 169) show the variation of flame spr td  
with iriterisity of turbulence. In reference 13,  the expatidiiig 
spherical flame was used, with screens to crcate turbult,ncc ; 
a variation was obtained, as shown in figure 170. The  author 
found a very low laminar flame velocity of only 0.59 foot per 
stBcoiitl, m hich is unexplaint.tl as yet. A distribution of flanw 
velocities was obtaitied that tlic author assotwted with tlie 
random nature of turbulence. The curves illustrate the da ta  
obtained as a function of the fraction of the measurements 
giving a certain flame velocity. It should be noted that in all 
these experiments the turbulence level was based on measured 
or calculated intensities in tlie absmce of flame. Escrpt for 
the experiments of reference 12, in which the intensity was 
considered a t  each point in the tube, the measurements \ v ( w  
mude a t  t l ie  initiation point of the flame (thtl lip of t l ic buriitbr 

for Bunsrn flames or the ignition point for sphericd flames), 
and hence the flame propagated into region., of varying 
turbrilrrirc. 

The empirical equatioiis for the variations of turbulent 
flame velori ty with turbulence intensity in the approach 
strenm fir(' given i n  tablch SXIII.  Siric-e Rcynoltls nrinit)rr 

(-an t)r related to intensity by tjie tquation R P ~ ~ Z  ( ref .  ni, 
the data of references 3, 9, and 16 (table S S I I )  can also be 
coniparctl 'I'hc coriipnrison of turbnlcnt burning velocities 
by tliffcrciit irivcstipators is tlifficult, Iiowevc~, 1)wause of ttw 
varicd techriiqtics uscd to study the fltime and the diffrrcnt 
intcrpwtutioiis of t l i v  lot-at ion of t h e  H t i r i i c  srirfuce. For es- 
aniplc, i t i  ref(wwcc3 !), i i i  u liicli tlic iriucrnioit boiiii(lary of the 
flame brush was usctl, turbulent burning velocities were con- 
sitlcrubly Iiiplit~ than those of rrftwnc-e 3 ,  i n  whidi a inclan 
ffamcs .~irf i iw wi<  i i ~ i .  Ill (IrwditIg 5% hic41 of wvcrnl  rclu- 
tioii'. to uw, i t  19 Iwst l i t  p r t w n t  to clioosc t h c  o i i c  obtained i i i  

the. r-,ptvinic.iit that niost caloscly resembles the condition for 
\ v l i i ~ ~ I i  t h c  clnta will t ) t b  used. For upproxiniate estimutes of 
t url~iilcrit huriiiiip velocity, t l i r  expression of refcreuc~e :j IS 

rt.c-oni mend cd for its con ve n ien ce . 
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THEORIES OF TURBULENT FLAME VELOCITY 

The inciwwtl rate of burning of a furl-uir mistlire i n  a 
t ui4jrilent flame coniparcd witti a laniiniir flninc ina>- Iw tlric 

to any one or a combination of three processrs: ( I )  Tlrr 
turbulent flow may distort the flame so that the surface area 
is markedly increased, while the normal component, of the 
burning velocity remains the laminar flame velocity. (2) 
Turbulence may increase the rate of transport of hrnt and 
active sprcies, thus increasing the actual burning velocity 
iiornial to the flame surface. (3) Turbulencv may rapidly 
r i i i s  tlie burlied nrid unburned gas in such a way that t l i c  

flame becomes essentially a homogeneous reaction, the rutc 
depending on the ratio of burned to unburned gas produced 
i n  the mixing process. The first two prorcsses have received 
tlir major rmpliasis in the consitlcmtiori of turt)iilcnt Bunsrii 
burner, tube, and V-flamcls, while the third process has been 
considered for some combustor systems arid is discussed in 
the section on SPACE HEATING RATES. 

TURBULENT FLAMES 

Damkohler theory.---Damkohler (ref. 9) pioiicwed in 
theoretical considerations of turbulent flames. He consid- 
ered separately t h e  eases of large-scale (prater than the 
flame thickness .&), small-intensity turbulence, and small- 
scale (<.yT), large-in tensity turbulence. He readily ad- 
mitted that both situations existed i n  most flames, the 
11irgc-sc.ale turbulrnc~c‘ bcing of grcatrr importance in coni- 
bustor applications. Damkotiler points out that the eddy 
tlifusivity e alone may not be sufficient to describe the 
effccts of turbulenc*r on flanirs, sincr E =  Y’a and both Y’iuid 
t!;;”; may ~ i a w  difirrrrit iiiflurnces on flame propagation. I t  
is necessary, therefore, to know the influence of both the 
s d e  and intensity of turbulence. 

In tlir casc of lurgc-scdr, low-intensity turbulriicr, 
Diimkolilrr suggests that the flame will be wrinkld but ttiat 
t l i t ,  lnniiriur transport procc~ssos will i w m i r i  yirtiidly u i i -  

nffec*tetl. This is riot unrcasoiiut)lc i f  large-scalv tiirhuleiiw 
is considered to consist of lnrgc eddies, witliin w1iic.h tlie 
niolw iilar pi’occ’sws o f  1 i t ~ n  t t rti risfor 111 i I 1 t l i (1’1 I sior i t u I.;(. p l i ~ ~ e  
i i it lc.pc.i iclciit1y of the niovcmicwt of t h c  ctltly 11s :1 wtiole. 
I1 :in i k ii ti  lor siiggc~s t s t I  I ( b  f t rll 0 \v i  rig pi t 1 1  rc : 

- 

SkeLch (N) 

Sketch In) 

In the case of a laminar flat flame with constailt l,= C F , L  

the sihation in (m) is obtained. If velocity fluctuations u, 
are introduced, however, the velocity a t  some points will be 
Uo+u,, and a conical Bunsen-like flame retaining a normal 
flame velocit,y LTF,L will be obtained (sketch (11 ) ) .  Where 
~ , - u ,  exists, a local flashbt~ck will occur. In the ( m e  of 
flashback, the flame surface area continues to increase so 
that the spiLtial rate of flame movenwnt incrrasrs with titnc, 
and hence the distortioii is greatrr whrre  the velocity flnctun- 
tion is ncgative. In order to reverse the flashback, the flow 
velocity must escwd u,. Ttic vclocity flurtriations t h u d  
prot1uc.c u wriiiklccl flume. 

Equation (1) of chapter I V  shows that for a constant 
I - F , L  the flame area will be proportional to the flow velocity; 
henc.o, the nican flow through the turbulent flame I r. 
a Jz; or, if ,Y’k constant as is true for tube flow, 17F,T a€. 
Since ea Re, it follows, according to Damkohler, that 
TyF.Ta Re for largr-scale, low-intensity turbulcncc. Brcause 
of tlir complrs niLt tire of thc wrinkling, Dmikijlilt’r c~onc~lutlcs 
that t h e  rmvt  relation brtwccbii R~yno l t l s  nrimhrr tint1 I -F.2 
ctLnnot Iw writ t c ’ i i ,  I ) u t  oiily t h c b  proport i o i i d i t > - .  -1s is 
cvitlcnt from tiguw l(j?(cI, t l ic .  t u r h i i l t b i l t  flanle vrlocity 
measured by Damkohler using thr inner luminous surface 
is liiicar with Rrj-noltls riurnlwr u t  t l i v  liiglier Rvyrioltis 
i iuml~crs .  S i i w  t tie ltighrr Kcyiioltls nunitwrs wvrc pro- 
t l r i c ~ d  i i i  tii1)c.s of I u r g ~  tlitunc~t tbr, t Iicy (lo r(.prrsrnt large,- 
sc~ale t ~ i r h ~ i l ~ ~ i i r e  i n  nhicti Y ’ / . Y ~  varies from 2.7 to 2.1.  
iirtrially, t h t 3  rqutitioii rrprcsciiting tl ic straight portion is 
of tlic form r . , , , = n R e - t . # ,  nncl Danikolilcr attril)iitctl t l i c  
torni .H to  sinall-sc~al(~ tiirl)ulcncc. For n t l i f f t w n t  intcrprcb- 
t,atiori of the s m w  chit a,  s w  t,lir tliscrission of Dclbourg’s 

In order to rspliiiri the irifiuericc of small-scale turhulence 
on flame volocbit-, Dninkohlcr irivrstigatcd tlic change in 
diffusion and ticbat t ransfrr with Rcj-iioltls iiumhcr, since the 
snictll-sc.ulc trir1)rilvric.v is iissiiniccl to pro(liic.r iio roiigliwiiig 
of t l i v  f l i i i n c  sii&a*. I i i  t l icrni i i l  iiitv.li:iiiisrns o f  flnnic 
propagutioti, t l i r  llanie vcloc-ity is rclstrtl to transport 
propcrties by the following relntion from equation (89) of 
chapter IV: 

(10) 

t two ry . 

-- 
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tinuity equation analogous to equation (%?a) of rtiapter IF’. 
In order to siniplify integration, Delborirg assumis that  

th -  ticmicvd rtw.tion ratv o is clircc~tly proportiorid 1 0  

tt.mperuturr ratlwr than t l i r  usual Arrhtwius reavtion ratv 
arid uses mean values for the thermal conductivity K and 
specific heat c,. Delbourg’s ussiiniptions I t d  to the follow- 
ing equation for laminar flames: 

j 

Since K L f c , p , ” V ,  i t  follows that In turbulent 
flow, c determines the trirbulerit heat-transfer coefficient, 
so that 

can be used in turbulent flame equations. The ratio of 
turbulent to laminar flame velocities would then be given by 

Damkohler points out that equation (12), unlike the rela- 
tions for large-scale turbulence, shows the direct dependence 
of the flame velocity ratio and not merely proportionality. 
I t  should be remembered, however, that  this is true only if 
the remaining terms in equation (39) of chapter IV are not 
influenced by turbulence. Note that the right side of 
equation (12) is related to the Reynolds number based on 
turbulence parameters used by Wagner (ref. 5 ) .  

Equation (12) would permit the calculation of turbulent 
flame velocities for small-scale turbulence. Since the value 
of c changes across the burner diameter, however, and only 
a mean flame velocity was measured by Damkohler, a direct 
comparison was not possible. Damkohler constructed a 
hypothetical inner flame cone using equation (12) and an 
equation for the radius and height for laminar flames. He 
then calculated a mean turbulent flame velocity from the 
constructed flame shape. The dashed line in figure 167(c) 
indicates reasonable agreement between his calculations 
and experimental results. 

Shelkin theory.-Shelkin (ref. 2 1 ) expanded Damkohler’s 
model of turbulent flame propagation but, in general, came 
to similar conclusions. He assumed from the early thermal 
theories that the flame velocity could be represented by 

- 

I n  the turbulent case, molecular and turbulent heat 
transfer would be combined so that ________ 

.- 

which assumes that t,, is unchanged in small-scale, high- 
intensity turbulence. Rearranging, 

may be written. If i t  is assumed that K L + K T = C ~ P ~ ~ ,  

Damkohler’s equation is obtained. 
For large-scale turbulence, Shelkin also assumes that only 

the flame area changes. He  assumes that the flame breaks 
into cones and that the ratio of turbulent to laminar flame 
velocity will be equal to the ratio of the surface area of the 
average cone to the area of its base. The height of the cone 
is taken to be proportional to the intensity of turbulence 

(see fig. 152 for the variation of cone height with veloc- 
ity) and is given by 9 a / L 7 , , c .  The surface area of the 
cone is then 

while the area of the base is d=r(2’/2)’. 
becomes, after rearranging, 

Hence, the ratio 

( g = 2  for a cone, but Shelkin prefers the arbitrary 
constant A.) This reduces to Damkohler’s equation when 
( i # ~ / c ; S L ) 2 > > i  or when dz>lTF,L; hence, Shelkin con- 
cludes that Damkohler’s equation applies for large-scale, 
high-intensity turbulence. For very large intensities, Shelkin 
suggests that the flame breaks up into two small islands and 
that the rate of burning depends only on the rate of mixing, 
so that t - F , T  a Jz arid is completely indepentlent of I - ~ , ~ .  
W i l e  this is evidently not the case for burner flames (see 
fig, 167(d)), it is reasonable that some combustor conditions 
mav exist where mixing processes control the ~ burning rt t tp .  

Scurlock (ref. 14) combines both of Shelkin’s equations so that for small-scale turbulence equation (15) is approached, 
for large-scale turbulence equation (17) is approached, and both are important where the scale of turbulence is of the 
order of the flame thickness. Scurlock’s equation is 

Delbourg theory.-Delbourg (ref. 16) investigated in 
greater detail the regime that Damkohler ant1 Shelkin at-  
tributtvl to small-scale turhulrJlrr whew thv fiamt~ s p e ~ l  
changes because of c+harigrs i n  t t ir  transport propwtles. 
Delbourg, like Shelkin, introduces an over-all thermal con- 
ductivity K = K ~ + K ~  composed of laminar and turbulent 
components. Delbourg uses essentially a thermal approach 
to calculate turbulent flame velocity. He writes an cncrgy 
equation analogous to the integrated form of the energy 
equatiori (33tlj of ctiapter IV for laminar flanlcs, aznd a COII- 
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where SI represents the non-temperature-dependent terms 
in the turbulent reaction rate, and, like K ,  may be considered 
to  be composed of a turbulent and a laminar component : 

(21 1 

Some changes in tlie equations are necessary to obtain a 
solution in terms of measurable quantities. From equation 
(1 I) ,  the turbulent component of thermal conductivity is 
proportional to the eddy diffusivity : 

x, = x,+ .XL 

K T O C C  

and, for tube flow, 

(33) 

Since K~ is therefore a fun'ction of radius, i t  is difficult to 
relate the calculations to the measured average flame velocity. 
A turbulent flame velocity based on an average across the 
tube may be defined: 

By numerical integration of the differential equations re- 
lating t,he surface area of the turbulent flame to measurable 
quantities, Delbourg gets 

which is in reasonable agreement with his experimental 
relation 

As shown in figure 171, Delbourg points out that  Dam- 
kohler's data are in agreement, since they may be represented 
by an equation 

( 2 7 )  r F 3  T -  --0.07 Re'.' up, L 

Delbourg states that  the ratio UF,b/UF,L is relatively inde- 
pendent of the fuel-air mixture. 

Karlovitz theory.-Karlovitz and coworkers (ref. 10) 
studied a model much like Damkohler's for large-scale 
turbulence. They considered the effect produced as an  
cdtly passes through a laminar flame front. The time of 
(.oritart b e t w r n  the eddy and thv flame is given by 
t ==2 ' / [TF .L .  During this contact period the flame is dis- 
torted, since the element of flame in contact with the eddy 
is advanced a distance @ in the time t because of the con- 

FIQURE 171.-Variation of ratio of turbulent to laminar flame ve- 
Data of reference 9; equation of locity with Reynolds number. 

reference 16. 

tact with the eddy. 
then 

The turbulent movement velocity is 

(28)  
@ u& T = t  

The value of 4 is determined from the equation 

- 
where t,=Y&. 

Substituting these relations iri  equation ( 2 8 ) ,  there results 
the general equation 

which, for t/to<<l (low-intensity turbulence), reduces to 

and, for t/tp>>l (high intensity), reduces to 

Karlovitz found that equation (3Oc) r r p r t ~ r i t s  the general 
equation (30) over most of the range. If i t  is assumed that 
d z  a Re, then Karlovitz's results are in qualitative agree- 
ment with Delbourg's Re variation, but Karlovitz shows a 
dependence of the ratio on laminar flame velocity. 

Equations (30) give only a part of the turbulent flame 
movement, however. Karlovitz suggests that  the turbulent 
motion described by Uk, T proceeds forward and backward 
with equal velocity but produces no n e t  movement of the 
entire flame. There must be added to the turbulent move- 
ment the on~-dircctionnl flame movement L..iat results from 
laminar flame propagation, so that the turbulent flame 
velocity is 

u p . T =  Cr6 T +  C;.,L (31) 
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FIGURE li3.--(?omparison of theoretical curves with e\perlmental 
data (ref. 12). 

The equations for turbulent flame velocity thus become: 
General equation: 

For t / t .<<l:  

(33) 

Leason theory.-Leason (ref. 12) also considers the effect 
produced when an eddy passes through a flame. Tlic 
physical picture, which is based on an eddy containing a 
sinusoidal velocity profile, is illustrated in fipurc 172. 
Leason obtains from the gcomcbtrio considerntioil nlonr tlic 
relation 

which would t)e the samv lis Slictlkiii’s rcIiLtion for n ( ‘ I I I I I L  

(eq. (I?), 2 = 2 )  if the -o  in  ttic I)ravkcts were l e p l u c * d  l)y 
Z 7 F , L .  Leason found that the area extension alone did not 
account for all of the flame velocity increase with turbulence. 
Therefore, he added a diffusivity factor similar to Dam- 
kiihler’s, except that. it takrs into account the statistical 
property of the t u r l d v i t  flow. The use of the entire 
spectrum of turbr1leric.r inti~~~sities, of course, grratly coni- 
plicates the equations. hi i t  t h i >  pnotl ngrrrment ol)t,aind by 
Leason brt w i w i  his moclifit~cl iq riation nntl liis rxperimcn t s 
is shown in figurr 173. Siiit*ci Lcr~soii dors not piv:. thc 
c~oniplctc tlcwlopniviit of his qii:itioiis, it, is difficult to  ‘ 

~~va1utltC the. rl~sults. 
Scurlock and Grover theory.--Sc~ui~lock arid Grovrr (1.t .f .  

22) developed in detail the processes that can produce 
wrinkling of thc flnnie surface in turbulent flow. Only 
ltlrge-sc!di* t url)uIrncr is c*orisitlrrcrl, s i i t l  it is assun~ctl t l i t i t  
the  laniinar f h m e  veloc-it,y M itliiri t he  a ~ i n k l c ~ l  flamc remniiis 
unchanprd. In the nictlilier of Shrlkin (ref. 31) and Lcasori 
(rcf. It‘), S(wr1oc.k anti Grovrr ussurnc’ t h n ~  tlw pnssegr of ~ L I I  

rtltly through tliv uiitlisturhctl Aamc. front prot1ucc.s rhc: 
wriid~liiig. Tlw iissiimrct wriiiklrtl flsme s h a p ~  after t 111’ 

ptissaigo of it  rsvrtt i i t i  t i n i c s  is K i v t . i i  in  skctc*h ( 0 1 :  

( 0  ) lnitiolly flot fbmr ( b )  Flame after passage of t ime 

Sketch (0) 
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Yotr tlic similarity to fipiirc 172 fiwn Lcnsoii’s model. It is 
iis.;riinc~l t l i u  t t h  nvc’r:igc’ Iiriglit of t l i e  wriiikl(>s is propor- 
tional to the root-mean-squarr clisplarcniciit 43 of a flame 
element from the mean f l u i w  froiit positiou and that the 
average base width of these wrinkles is proportional to the 
Eulerian scale &. Coiisicleriiig the wririklc either as aii 

infinitely long prism with the cross scctioii corresponding to 
oiie of the wriiikles in tlic, skctcli, or tis a colic n-ith height 
t i i d  base diameter as  showi, \\oriltl give t h r i  ratio of wriiiklrtl 
a i m  (tiirhilprit flnriici to 1)w(> : i i w  ill] m i i i i i r  flani(~J: 

(36) 

11 I I C ~ C ~  4;=4.~’$.2’$ This Iuia t l i c ,  s:inio foi.ni :is Slic~llcili’s 
oqw.ticii (SW eq. ( l T j ) ,  bL:t thc root-mrlaii-squurcx displnce- 
ment and Euleriali scale are used instead of the turbulence 
intensity and laminar flame velocity. 

According to the preceding picture of a turbulent flame, 
tlie rntio of tlie turhiilerit to Inminnr flnmc vclocitirs will 
tlcpeutl on both antl 2Eu. Scwlock niid Grover tltwrihe 
tlirre effects heliered to hc important in determining 

( 1  ) Etld?- diffusion associntd with turhtilrnc*r i n  tlic 
iinI)urnctI past’s, wIiivIi  tciicis to incrensc F 

(2) Propagation of tlie flamr .into the un1)iirnetl gases, 
\rI:it~ti tcntls to rrtIucc F 

J Flurnc-jirricr~itt~tl iiistiiMty niitl shcm ni i t l  tdtly 
diffusion, which are nssociatcd with the densit: de- 
crease across n flnnic and which tend to increase. 1 - j  

Thc proccss of t d t l ? -  c l i f f  rision resulting from turbulence 
iri t l w  approwh flow CRII be coiisitlercd a1o .1~ i f  L i , ,  is as- 
sunied srnall, so that i>,L/dz approaclies zero, arid if 
the density change a c ~ o s s  tlie Aumc is ignored. Under these 
conditions, the mean tlisplncemciit at  any time 1 ctiii be 
c-alcrilatctl from t,hti cquatiori 

- 

- 

(37) 

r+e csli I 1  for ti mort’  tlrtailetl cliscussio~i of calculntiom of 
t f i t ,  i r i t ~ ~ i i i  tlispla(-c.niclit j I n  t l i e  actual flamr, howt.vcr, 
t h e  fltlrnr litls niovetl a distance y =  cF,Lt, so that the simple 
tlisplacement previously calculated does not apply. Con- 
d e r a t i o n  must also be given to the change of flame position. 
Scurlock arid Grover accomplish this by means of a mixed 
itirne antl position) correlation factor .#,,,, such that 

(39) 

For long diffusion tinirq! 

where 

JO 

I t  is much more diffirrilt to evuluatti the rqiiation for i i i t w -  

metlintc times. Scurlock arid Grover dcrivr thc eqrint ion 

144) 

I t  should be noted tt int  tliv consideration of eddy diffusion 
alone predicts that  t h u  area increases rapidly nntl reaches no 
hmitinq valuc IF i t t i  incrcasing tiriic. T I i e  rate of area incrciiisc. 
is reduced by dec~ensing 47, l)y iticreasiiig r F , L ,  atid by 
increasing 9&,‘. 

The tendwry for a 8time to flattcri and decrcasc the. flume 
surface ans treated by Karlovitz and coworkers (ref. 10). 
Scurlock uses an essentially similar treatment. Consider a 
single wrinkle in the flrimr ant1 t h t l  effect of laminar flamr 
propagatiou: 

/ - \  
/ \ 

Burned gas 

dkelrh ( ) , I  

As illustrated, the presence of a constant velocity tends to 
flatten the  flamt., thus rctluclng t l i c i  area ratlo 11T/14L. If tht.  

mean depth of the wrinkle is A f i ,  tlic distance betwccqr thc 
heads of two wrinkles, one faring toward the iinburnc~l gns 

a n t 1  tlic ottirr towart1 t l w  burrivtl gas, is 2 4xi@. ~ ~ i c b  rntt. 
of (’htLI1gf~ of this quaritity \!It11 tlnlc~ (V>1l>iStb of tno tt.rll i$,  t i  

positive twin rcprcwntlrig the rate of i n o w n i c > I i t  of tlir apt’s 
into tlie iinbnrnerl gas ant1 q u a l  to r‘F.L, nntl a n t p t i v c  ttlrr11 
rrprtwritirig a dtvwusc i n  t lie protrusion of the ncyutlre 
a p w  into the biirned gns atid pven  by--C’,,(l+ x~F/~&)$* .  

--_ 



Tlic change in displtwenwnt due to flame propagation may 
thus be obtained from 

The  negative sign indicates the reduction in due to the 
flame propagation. 

The last effect considered by Scurlock and Grover is the 
increased displacement due to flame-generated disturbance 
resulting from the decreased density of the burned gas com- 
pared with the unburned gas. A sketch is presented in figure 
174 showing the shear regions tha t  generate turbulence in a 
rod-stabilized flame. I n  region 1, the unburned-gas velocity 
exceeds the velocities in the sheltered eddy region behind the 
stabilizer. In  region 2, the unburned gases, which have been 
accelerated, still have lower velocities than the burned gases. 
Finally, the burned gases are completely mixed and a uniform 
velocity results. Scurlock and Grover write momentum 
balances between thc unburned gases and the gases exiting 
in nonuniform flow from the combustion zone (shear region 
2 in fig. 174), and between the unburned gases and the gases 
exiting in uniform flow after complete mixing (burned gases 
of region 3 in fig. 174). From these two momentum bal- 
ances they solve fbr half the difference in the squares of the 
velocities of unmixed and mixed burned gases; this quantity 
represents the maxinlum kinetic energy that would be avail- 
able for the turbulence generation from this source. As- 
suming that this energy is equally divided among the three 
directions to produce an isotropic turbulence intensity d z  

f 

or 

The value of f l p  so calculated may be combined with 
of the approach stream to give the total intensity e 

in the flame as follows: 

The combined displacement for the three effects can then be 
calculated from the sum of equations (43) and (45) wherein 
dz is calculated by equation (48). 

A comparison of the shape and thickness of turbulent 
flames resulting from a consideration of the three processes 
influencing is shown in figure 175. The curves of 
Up. T/U,.L against initial ve!ocity calculated from a com- 
bination of the three affects agree well in shape with the data 
of reference 3, although the theory does not predict the 
strong effect of scale (as indicated by the dependerice of 
lJF,T/UF,L on the tube diameter) found in reference 3. 
Scurlock and Grover suggest that  the discrepancy may be 
in the fraction of the kinetic energy of the burned gases, 
which is converted into turbulence having a scaledependence. 

The theories of turbulent flame velocity consider small- 

4 4 

Untform velocity 
otter complete 

mlrinq (region 31 

c 

Shear reqion 2 

Shear reqion I 

Uniform initio1 
velocity 

FIGVRE 171 --Shear regions generetinp; turbulrnce in a rod-stabilized 
flame (ref. 11). 

and diffusion characteristics of the system, while large-scale 
turbulence increases the surface area of the flame. The 
latter condition is probably of the most interest in practical 
applications. The theories are not yet sufficiently advanced 
to be of great value in predicting turbulent flame velocities. 
I t  appears, a t  this time, that more reliable estimates may 
be made with the empirical relations listed in tables X X I I  
and XSIII. 

PLAMLINDUCED TURBULENCE 

The theoretical studies presented attempt to relate the 
turbulent flame velocity to the intensity and scale of the 
approach-stream turbulence. While Damkohler, Delbourg, 
and Leason met with some success in this regard, some of the 
observations by Scurlock and Karlovitz require additional 
explanations. 

If the turbulent flame velocity is strongly dependent on 
the approach-stream turbulence, it would be expected that 
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SPACE HEATING RATES 

'['lit. priiic.ipai1 o{bjc$c*tivc of t t i (1  t u ~ ~ l ~ u l ~ ~ ~ i t  f h ~ n r  is to protlurc 
h t w t  at  a liigti rtitr. in a small volume. The preceding 
discussions have trcated the characteristics of the turbulent 
flame and the rate at ah ich  unburned gas can be consumed 
by the turbulent flame. Space considerations to a large 
dtyrec t i n w  I ) t w i  ignored. The following paragruphs treat 
some of tlir spiititil considerations of turbulent flames. In 
atidition. tlw s p i e ~ ~  Iit.ating rntvs nctiierctl in  a highly mixctl 
rriitntor tirv tlis;c~u<wcI 11s II possiblt uppw limit uiitlthr rontli- 
tioiis \ v l i cr t~  I i t ~ a i t  tr;irisfcr aincl dif€usion 1 1 2 ~ ~ ~  twci~  rninirnized. 

TURBLnENT BUNSEN FLAMES 

ti firat a~ppl.ersirilntioli. the liiminous mnv i n  figurc 158 
nul>- h c*oiisitlcrcvl t t i c  rcwcatioii zoi ic~ T l i c  \ d u i i i t ~  w i t  a i n d  
in this zone thus niay be considered as the space required 
to consume the fuel-air mixture. Simon and Wagner 
(ref. 23) define the space heating rate of a turbulent flame 
by the cqutttion 

A Q s p =  Y JHr,a 150) 
where 

1 1 ;,. 0,'I-r 

l-J!,o 

ITF flanir volumcl 

AH,,= 

volume flow rate of u n b u r n d  mixture 

heating value per unit volume of fuel-air mixture 

analysis of the tlxhnust proiluvts of (1 n u n i b t ~  of turbulent 

flanics iiitliciitctl that cwmbustion was complctc., so that an 
vf€ic.icw.>- fairtor \\ 11': not rcqiiirccl. 

To obtain thc flunic volunic, i t  \vas a s sun id  that the 
flame was a figure of revolution so that thc flame volume 
could be calculated from measurements taken from a direct 
photograph of the flame. Because the outer and inner 
boundaries of the flame brush are diffuse, the calculation 
of flame volume is somewhat uncertain. It \\as found, 
tiowc.ver, that consistent flame volumes could be obtained 
with wide variations in exposure time and film elevelopirig 
time. 

Table ?XI\' s h o w  that the parameter 1 is relativcly 
independent of linear flow velocity over the limited range 
studied. Rcfrrenre 23 shows that Y is related to laminar 
flnmt. 1-rlocity nil11 tube diamrtcr according to the, (quation 

Some of tlir results are prescntetl in table ?XI\' 

9 =6,1 '&k& 
d t u ,  

for the flames studied. Tlie space heating rate then, for 
t l i ~ s e  flames, is proportional to the mixture heating value 

arid to the laminar flame velocity but inversely pro- 
portional to the burner diameter. A plot of space heating 
rate against lldrubc is shown in figure 177. 

SPHERICAL REACTOB 

I n  most theoretical considtlrations of turbulent flamcs. 
the Aame chemistry is assumed to be the same as for laminar 
flames. Laminar flame velocity is usually included in the 
equations to represent the chemical rate. It is possible, how- 
ever, that  tlie improved mixing tluc to the tur1)d~~nce  map 

TABLE SSI\'.-SPACE HE;\TISC RATES O F  TURBULENT BUNSEN FLAMES (Ref. 23) 

I 
1 016 ROO 047 2 74 23ti I I 

I 
1173 9.5 1 4 61 
1605 130 1 
2030 1614 
2410 1957 9 01 
2780 2257 9 07 1 249 1 I 

ti. 23 62 I :{ } 222 1 1.86X102 1 
1 1 

1 
217 

____--____ 
1 459 I 

1 
I I 

4. 69X 10' 

-~ I 

' 1 890 I 1 I 661 , 

71 1 1 016 1301 1054 
1837 1480 I 3 30 1 413 
2114 17'3 3 83 445 I 

I---l _________ - 1 
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FIGURE 1ii.-Space heating rates for propane-air flames. 

alter the environment in the reaction zone so that the rate of 
reaction is no longer properly represented by laminar flame 
velocity. In the extreme, the mixing processes may be so effi- 
cien t that  an  essentially homogeneous reactionoccurs. Long- 
well and Weiss (ref. 24) have constructed a spherical reactor 
in which high-velocity jets of fuel-air mixture are used to 
create a highly stirred reaction system. The homogeneity of 
the system during reaction mas assessed by removing gas 
samples at various locations within the sphere. It was found 
for the time-averaged samples taken that the composition 
mas uniform through more than 90 percent of the reaction 
rolume. 

I n  general, the conditions of mass flow, pressure, or fuel-air 
ratio were altered until blowout was achieved; thus, the 
maximum burning rate could be determined for cacli set 
of inlet conditions. It was found tha t  the blowout data 
were a function of fuel-nir ratio such that 

, 

In a perfrctly stirrrd renctor, the blowout condition is 
rdutctl to t h c  rntc of t l i r  ( ~ I I P I I ~ L C ~  rcnrtion. As tlic unt)iirtitvl 

f u c h i r  misturc f tw l  ru t c  is iricwusctl, for csnmple, t l i t1  

rcywtion trinpcrature decreases but the concentration of 
reactants increases. A condition is ultimately reaclwtl a t  
which the decrrase of reaction rate due to the lowering of 
temperature exceeds tlie increase in reaction rate due to the 
incrt~asecl rcbactant concentration. At this condition the 
reaction stops. 1,ongwell ant1 Weiss used two soiiicdIt1t 
tliffcring equations for their fuel-lean arid fuel-rich bloivout 
datu. For the lean case, thc pre-csponrntial tcrin I\ as 
1.67X1Oio (litcrs)o (g-mole)" ', untl for the rkli cnsc 
this constant was I . l l x lO1 '  in the same units. An artiva- 
tion energy of 42,000 calories per mole was used for both 
c*ontlitions. From tlie (lata obtninrcl, tlie limiting spncc 
lieat-release rate for a stoicliiomctric niisture a t  utniospliertcl 
pressure and 400' K inlet temperature was 3x108 Btu/ 
(cu ft)(lir). 

COMPARISON OF SPACE HEAT-RELEASE RATES 

It is now of interest to compare' the space lieating rntwfor 
various systems. Table S S V  is taken from refcrenrr 2 3 ,  
where such a comparison is made. It should be kept in 
mind that the choice of the reaction volume is sonie\vlinu 
arbitrary in some of the systems quoted, so t l int  variations 
in the Iieat-release values may exist. From the table it 
appc'ars thiit th r  reaction zonr of tlie laminar flame exlitbits 
the Iiiglwst Iicat-release rate, with the reactor of Longn-ell 
and Weiss (ref. 24) approaching a similar value. The 
turbulent Bunsen flame has a somewhat lower heat-release 
rate, while a turbulent diffusion flame and most turbojet 
combustors have less than l j l o0  the Iteat-release rate of the 
laminar flame or spherical reactor. 

Onc may infer from the table that considerable improve- 
ment is possible for practical combustors, but it must 
1x1 remembered that the highest heat-release rates have been 
obtained without regard to some of tlir practical considera- 
tions that are partly responsible for tlir lower rates found in 
combustors. 

TAB1.E S S V . - H E A T I N G  VrlI>C'ES FOR VARIOUS TYPES OF COSIBrSTION ( I k f .  23) 

Combustion systrm 

: Space heating i 
rate. AQ.,, 

of flame or re- 
actor at  ntm. 

pressure) 
I 

~ Larniiiar flame, stoichiometric propane-air- - -. -. . . ~ -. - - -. i 4 x 1 0 8  I P) i 

I 1 Laminar flame, 0.9 stoichiometric propnne-air at 3200O F, $1 
atm .................................................. 

1 HomoKrnrous reactor, stirred stoichiometric propnnr-air -. . .' 3x108 1 21 1 
Tiirbiilvnt prtmixed stoichiometric propanr-air.. -. . . . . . ~ -. ~ 5-1 ,, IO' ~ 23 ~ 

/ Turbulent diffusion flame, city gas ._____._____.___.___-..-. I 1. 2 X 1 W  , 26 i 
___. ______ I-- 

~ Cornbustors-- _. . . . . ~ .  __.. . .__ ~ _.__. . . . .. . . __. . _. . -. . ___. 1 Ordrr of IW _... 
I l 

Calculated from LTp,r=33.5 cm/sw and %=0.03 cnl 
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APPLICABILITY OF TURBULENT FLAME STUDIES TO 
JET-ENGINE COMBUSTION 

One of t,lie charncteristics that the turbulent flames con- 
sidered in this clmpt,er have in common is the apparent 
existence of a continuous flame surface. While islands of 
flame may be broken away from t,ho main body of flame 
under high flow conditions, such flames have not received 
much study. The flames existing in p r a c t k l  combust,ors 
may or may not have a continuous surface. It, appears rea- 
sonable tha t  a flame burning from a flameholder, a t  least 
under conditions of moderate flow vtllocitp, should resemble 
the V-flames discussed herein. There is no analogy, how- 
ever, bet,ween these flames and the highly broken-up flame 
in a turbojet combust,or. Severtheless, if these islands of 
flamc behave as individual burning spheres, cacti such 
sphere may r eb in  the burning characteristics of t’he turbu- 
lent flames discussed in this chapter. 

Despite the uncertainty in the prediction of turbulent 
burning velocity, the flame dimensions included herein may 
be used to compute the space requirements for combustion 
undcr a given flow condition. It may be assumed, for ex- 
ample, that the envelope of a turbulent Bunsen flame rep- 
resents thc minimum volume necessary for complet,e com- 
bust ion of the mixture flowing into the flame. Correlations 
based on this and analogous concepts are presented in sub- 
srqucnt chapters. 
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INTRODUCTION 

flame stabilization presented in this 
vlinptcr is liniitcd to  stiidics of optw flnriies biirni1ig from tlic 
eiitls of cyliritlrical tubes or nozzles and of coniiied flames 
burning from single flameholders in small, ramjet-type 
combustion chambers. The description, definition, and 
significance of critical boundary relocity gradients, penetra- 
tion distances, arid eddy stahilizatiori are given. ..llso 
iiicludetl are experimental data wid correlations of t Iir rffwts 
of various flow parameters ant1 chemical factors on flame 
stnbility. Some instability plieiiomena coiiiwtetl with tlie 
proptigut ion of iioiit rirhulcnt flii,mcs arr  disrussetl. Fiiiall,v. 
tlieoreticttl treatments for the prediction of critical horintlary 
vclovity gradients u r d  for sttthilizntion i n  the recirc.iilntiori 
zoiic b i ~ l i i r i d  b l r i f f  1)otlic.s icdtly stiil~iliz~itioii) art’ rorisitlcrrtl. 

SYMBOLS 

The discussion o 

The following synlbols arc used in  this ctiuptcr: 
cross-scctiontil area 
constant 
exponent 
drag coefficient 
u “ n  trat ion 
v Y p o  I i c I i t 
sprc8i;ic- l icvit  u t  coiistuiit pressure 
cliffusion coefficient 
ratio of rotl tlinnietcr to tube clinnirtrr 
t1iametc.r 
vliaractcristic climeusion of flnnicholtlcr 
activation energy 
fric tion factor 
f 1inc.t ion 
fuel-air ratio 
boundary velocity gradient 
property of multifuel mixture 
constant 
molecdar weight 
exponent 
prcwure 
hen t-supply rut c 
universal gas cwnstaiit 
Reynolds I iumhr  
radius 
percent of stoichiometric oxidant 
temperature 
ignition temperature 

Xs reaction-zone ttiickness 
C: velocity 
I’ \-olume 
t t  muss-flow rate 
A‘ mole fraction 
I distance 
Z collision factor 
t i n  frwtiori of eriteriiig fticl 
( V I  

K t hernial conductivity 
p al)solrite viscosity 
V kiiicniuticu visvositp 
p tlcnsity 
rp i~qiiivaltwc~r rat io 
II. volrinict ric- nit io 
Sutwrip ts: 
a air 
a t  ILV c r ti gi’ 
bo hlouwff 
C CY41 

CT rritionl 
cy1 c*yliirder 
dt c1uc.t 
F f l l l l l l ( ~  

frwtion of  stoic-liiomc>tric f i i c . 1  c.oiit.cqitrutioii 

,f f r t t 4  

. ib tluS1:~)ack 
1 ; I h  f r l c l  

.I , j I n  fiwl 
L ltiniiiiar 
rnx mist iirv 
0 i r i i t  i d  c*onditions 
pen poiicstrutioii 
r rotl 
req rcquirctl 
S h shcltcrt~d ZOllC 

.st st oic-Iiionw t ric: 
tube t ubc 

STABILITY DIAGRAMS: VELOCITY-CONCENTRATION LlSllTS 

OPEN FLAMES WITH S E l ’ O > I ) A R Y  A I R  

Tlic vt.locity-coneciitr~it i o i i  rogiorls for. t t i ( %  1 .tioils siahil- 
ity ptienomeria typical of opcii I)iirnrr flanics wit ti seconclary 
(ambient) air, which havc bcvw st u t l i c d  t)y u i i i i i i i h r  of 
investigators (e .  g., refs. 1 to 31, wi> s i ~ l i ~ ” ~ t  i(dIv illus- 
trated in figure 178. When the cipprodi velocity to a 
seated open flame is dcrrcasd until t t w  flarlie vrlocity cs- 
w e d s  t.he approach vdovity over some portioii o l  t he  hiirner 

1S. i  
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3 8  I I  -- 
o Ordlnary I 

Spl~ l -  flame 

I 

FIGIXE 178.--Characteristic stability diagram for opcn tiam(% 
(ref. 11. 

port, tlie flame flashes buck into the bunicr. This flaslibac~k 
cilivtips occurs in  the unshaded area under the flashback 
(-iirvc iri figure 17s. If, 011 the otlier liatitl, tlic tq)proac.li 
\-cloc*ity is iiicrcased until it  exweds the flame velocity at 
every point, the Awne will either be estiriguislietl complctdy 
\I I r i a i i  1111' coiitlitioils fill1 i n  the uiishutlctl region to the  I c f t  of 
t h e  I)lowoff curve or. for fuel-rich mixtures, it will be liftrtl 
abovc tlie burner uiitil a new stable positioli in the gas 

1 8  

6 
1 I 1  

7 8 9 10 1 1  
Ethene, percent 

5 

F I ( ; ~ . R E  liY.-C'omparison of blowoff CIIrvc's obtaiiwd with split-flarncs 
(Smithells) 1)iiriiers wit ti thosc obtairicd on ordinary sillglc-till)ra 
hrrrncm. Ethcric-air mixtiires sat ursted with a a t c r  vapor a t  20' 
( '  (wf. 5 ) .  

;trcani above the port is reaclietl as a result of turbuletlt 
iiisiiig with arid clilution I)y siv~oncltlry air. Tl ic  l i f t  CII ITC iq 

I continuation of the blowof€ curve h y o ~ i t l  t t  cbritical p i ' -  

*cntage of the fuel gas at point A .  The blo\vout ('iirve 
-orresponds to the gas velocity required to extinguisli a 
lifted flame. Once the Aame has been lifted above thr  port, 
the approach velocity must be decreased to well helow t t i e  

lift velocity before the flame will drop back and h wsciit c - t l  
on the burrier rim. Betwreii fuel concentrations A t i i l ( 1  B. 
tlir blowout of the lifted flame occurs at a lo\vw velocity t h t i t i  
the flame blowoff from tlic port. Sucli a lif ted fliinie, t i t  

roilstant composition, can be producetl oiily hy igiiitioii froni 
above the port. 

FLAMES DEPRIVED OF SECOSDARY AIR 

Burner flames may be deprived of secoiidury air v i t l t ~ t .  I ) )  
surrounding the flame with an  annular flow of an  inert gas 
(ref. 4) or by splittiiig the flame (Smithells separator-type 
burner) so that the outer mantle burns above an  outer 
concentric tube, thus depriving the inner cone of access to 
the secondary air (ref. 5 ) .  In either case, blowoff cur\-t>s 
pass through a maximum near the stoichiometric conceii- 
tratioii (fig. 179) arid therefore are similar in shape to flunie 
vthcity curves ( e .  g., fig. 1"). 'I'lie dccrease in blowoff 
velocity with iiicreasllig concentration on the rich side IS 

riot observed with open flames liavirig access to secondary 
air, brcacise, as ric-11 misturc is dilutcd by secondurJ- air 
tlirouph molecular atid eddy diffusion, the flame velocity is 
kept high and the blowoff velocity coritiiiues to increase. 
For the same reason, lifted flanies do riot occur in the ab- 
sence of secondary air. Fluslilmck is, of course, unaffectcd 

L 1 I 'Q, . ,  1'5 2 0  2 5  3 0  3 5  
0 5 

Equivalence ratio, r 

Frc;I'RE 180.-Flame blowoff lirnits for cy1indc.r sizrs from 0.035 to 
0.494 inch i n  diarrrrtc-r. Fiwl, hytlrocarbor, hlend (commercial 
paint thinner); inixtilre staguatiotl tcrnperatttre, 150' F; static 
pressure, approxirnatvly 1 atllrusplivn* t w f .  ti) .  
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Air mass f low - 
FIGURE 181 .-Blowoff from spherical flameholders in  I-inch free jet 

at atmospheric pregsure (ref. 7). 

by secondary air. The blowoff behavior of confined flames 
burning from flameholders is similar, as illustrated by figure 
180 for a hydrocarbon fuel burning from flameholders of 
various diameters (ref. 6). These flameholders were mounted 
across the I-inch dimension of a 1- by 4- by 12-irich combus- 
tion chamber. 

Another type of stability diagram that elimiiiated the 
effect of flnnieholder diameter for rich blowoff from spherical 
flameholders in  n 1-inch free jet at atmospheric pressure is 
demonstrntetl in reference 7 .  Fuel mass flow was plotted 

Stream 
boun?ary 

against air mass flow, as shown in figure 181, in which the 
rich curves form a common envelope. 

MECHANISMS OF FLAME STABILIZATION 

CPI'IICAL BOUNDARY VELOCITY GRADIENT 

Flames stabilized on burner.-The conditions for stability 
may be described in terms of laminar flow, regardless of 
whether the flow in the tube is laminar or turbulent, because 
in either case there is a laminar sublayer a t  the stream bound- 
ary (ref. 1). Any point of equality between flow velocity 
and flame velocity must lie within the laminar sublayer, 
because the gas velocity a t  the boundary between the 
sublayer and the turbulent core is greater than the flame 
velocity. The  velocity gradient in this region near the 
stream boundary where stabilization must occur may 
be assumed constant if the width of the region is small com- 
pared with the tube diameter. In reference 3 (p. 282), 
curves for flashback of naturalgas flames indicate tha t  this 
assumption is satisfactory for correlating flashback da ta  
obtained with tube diameters larger than the flame-quenching 
diameter. The critical boundary velocity gradients for 
flashback and blowoff have been used quite successfully 
both to correlate flashback or blowoff data obtained with 
burners of various sizes and shapes (ref. 3, pp. 382-302, 
and ref. S) and to correlate turbulent with laminar blowoff 
data (e. g. ,  refs. 2 and 9). 

The interaction of the flame velocity arid the critical 
boundary velocity gradient for a Bunsen flame can be under- 
stood by reference to figure 182. Figure 182(a) illustrates 
how the flame position shifts with increasing gas flow, the 
flow increasing from flame position A to C. As the flame 
moves away from the burner port, the fringe of the flame 
moves closer to the stream boundary. The reason for this 
can bt. swn by considcririg also curves A ,  6,  and C of figure 
182(b). n.hic4i rrprrsent the variation of flame velocity with 
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F I O ~ R E  183.-Liftid turbulent  hurnw flame (rvf .  31 

distance from the stream boundary for flame positions 
A .  e ,  atid C.  In id1 thew curvcs, the flnnie rrlocitj- is ( w i i -  

stt int  fur from tlic s t rwn i  bouriclur\., ]Jut tit sniuller tlistaiiws 
the solid hurncr rim eserts a quciicliilig t#ect, on the h n i r  
by extracting hcat and destroying reactive chain carricrs. 
a r i d  the 1liinic wlocitJ- c l t w t m c s .  A t  somr  smc~11 r l i s t r i i i w  

from t l i r  strwni h in t l i i ry .  the qurnchiiig bcconicas i ~ o i t i p l ~ ~ t  I' 
mid the Hame velocity falls to zero. 

The height of the flame fringe above the rini (fig. 182(:1)) 
has been called the dead space above the rim. As tlic flnnie 
mores up from position A to position E or C,  the loss of heat 
and active particlrs diminishes, the rrgiori of constant flame 
velocity extends closer to the stream boundary, and the 
fringe of the flame approaches tlie stream bountlarj-. For 
lcan mixtures, there is a limit t,o this movement toward the 
stream boundary, Iwcause tlirrr is siiprriniposcd on thr 
quenching c'ffcrt 21 fInni(* w1ocit.v rcdiictiori tliir. to the e l i l f i i -  

sion of c,stc.riial (scw)iitlnry) nir into tlic i i i i l ~ ~ i i ~ ~ i e ~ ~ i  gtis. 
Tllis dilutiiip d € w t  iiicsrcbn;tbs 11s t 1 1 ~  fltimc niows t i \v:~j .  I ' ~ I ) I I I  

tlio burricr. Tlius, flanir voloc-ity ciirve C may rq ) rww t 
t l i v  limit of approuvlt of tI i (> [lanit. frilige toward t l l o  strcwli 
I)oiindury for II lenri i n i s t  i i r ~ .  For ti ric.h iriisturc, s c ~ c ~ o l i t l i i r ~ . -  

air dilution may iricrruso the flnme vclority; for IL very rich 
ntisture, a stu1)lc l i f t c d  Bunie inuy I)c obtciincd sc~vcrnl tribe 
dinmrtcm n h v e  tlir port (fig. I%<; notr that the lmsc nf t t l c ,  
flnnie is ti t  tlic point of t u r l ~ i t l c i i t  t m n k i i p  of thr lrimiiinr j r t  
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Flow velocify 

Flame velocity 

14 I 
O i s t m c e  f rom axis 

( c l  i d )  
(a) Flow iiiirs aroi i t id rod, (b) Burrring urd flow velocity in  plane A .  

(d) Burning :irid flo\v velocity i n  p l : i I i v  C.  (o )  Diiriring unci flow vcalocity i n  plurrr 6. 
FII;I .RE lX-l.-St~rt)ilizutioii of corrit)ristioii W ~ V P  by rod irrbf. 3. p. 246) .  

The more general equation, which holds for either laminar 
or turbulent flow, is 

Idlere F,r is thr friction fuvtor from the cmpiricd Furiiiiiig 
equation (ref. (1), For tlic lamiriar-flow wnditioii through 
long cylinders considered in cquation ( I ) ,  by,= ‘ R e .  ‘I’Iic 

following expressions are given in referrrice 8 for t he  friction 
factor in laminar flow through various t y p s  of buriicrs: 
Short circular port (orifire) : 

Lorig rectangular c1iaiirir.l: 

(3 j  

1,ong triangular cliannel: 
99 8 F -=- 

fr - J;el. 29 

111 all thew rim's, t l iv  dittnieter used iri computing Re is the 
tiytlrnulic- d i i ~ n i c t c r  (i. e. ,  twice the c>ross-scBctional area of 
t tie c*httnnrl divided by tlic perimrtcr). 

For tiirt)ulrnt flow in long, smooth, cylintlrical tubes, 
scbvcral equations have appeared in the literature. The 
cmpirical cqiiatiori of Dlasuis (see rrf. 9) is used in references 
2 arid S to 10. For 3000<Re<100,000, this equation gives 
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‘rtiis ratio of fuiiclamciital flame vclocity to critical boundary 
vclority graclimt reprcsc*iits t tic, tlistarice from ttie hurrirr 
wall at  which t h e  loral strram wloc.ity is e q i d  to t he furjda- 
mvrital flanw vrloc*itv (fit. 1%). The peiietratioti distnncc 
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is to be distinguislied from the sniall dead space ut the wall 
(fig. 18j(a)) or the d r t ~ d  space above tilt1 rim (fig. 185(b)) 
where quenching is complete and the luminous zone assunies 
a position parallel to the gas-flow lines. For flasliback, this 
distance approximates the depth of penetration of the 
quenching effect of a single wall; that  is, the distance from 
the wall at which the local flame velocity becomes smaller 
tlian the fundamental flame velocity of the mixture as a 
result of quenching, For blowoff, secondary-air dilution 
also affects the penetration distance; for a lean misturr,  
secwndary-air tlilut ion woultl tend to decrease the flame 
velocity arid thus decrease the penetration distance, whereas 
it would have the opposite effect for very rich mixtures. 
(The maximum flame velocity generally occurs with a mis- 
trirc slightly richcr ttinn stoicahionietric.) The subject of 
penetration distance is discussed further in the theoretical 
section of this chapter. 

STABILIZATION BY EDDIES 

While the mechanism of Lewis and von Elbe is reasonable 
for supported flames as well as for burner flames, some of the 
characteristics of supported flames are not so well described 
as is desirablr. Supported flames do not always blow off 
as the theory suggests, but often a small residual flame 
remains in the wake of the support. Lewis and voii Elbo 
have, in fact, shown that this region is not characterized by 
a lineur velocity gradient but that  eddies are formrtl just 
after the support. These are shown schematically in figurc 
186, in which the eddies are apparently stabilized by the 
flume, since for a given flow the eddy is smaller with ignitioii 
than without. Reference 13 suggests that  these eddies act 
as a source of heat and active radicals and thus provide a 
constant ignition source to stabilize the flame. The nature 
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of these ctldics ant1 of the flow nrouiitl t hem determines n - l i ( ~ i i  

Ido~voff O C ( * I I ~ S ,  because an cquilihrium is s c b t  up  bctn-wr i  t tic> 

production of heat in the eddies, its transfer to the surroruitl- 
ing flow-, and the ignition requirements. This subject is 
also discussed later in this chapter. 

EFFECT OF VARIABLES ON STABILITY LIMITS 
FLOW VARIABLES AT CONSTANT PRESSURE AND TEMPERATURE 

Characteristic dimension of burner or flameholder.--1 
number of investigators have found tlint flashback ant1 l)low- 
off limits of opcw flanirs burniiig from tubes or nozzles at  
room conditiolis are independent of tube dinmrter wheii 
plotted as fuel concentration (or equivalence ratio) against 
the critical borindary velocity gradir~it .  Lewis a i d  >-on 
Elbc (rrf. 3, pp. 282-300) plotted flashback-limit c h i t t i  for 
natural-gas-air, hydrogen-air, hydrogen-oxygeii, acetylene- 
oxygen, methane-oxygen-nitrogeii, and proparie-osygeii- 
nitrogen flames in this manner. They found the critical 
boundary velocity gradients for flashback g,b to be inde- 
pentlent of tube diameter as long as the diameter was somc- 
what larger than the quencliing diameter but not so large 
that flashback was preceded by a severe tilting of the flame, 
in which case t tie limit was riot clearly distinguished. 

T h e  critical boiintlary vclocity gradieiits for blowoft' y,, 
of nat ural-gas-air mixtures in the laminar-flaw rrgioii n-we 
also intlepcntlrnt of tlismt'ter both  for ordinary Brillsen 
flames and for some inverted flames stabilized at  t l i t  ends 
of wires niourited in the axes of the tubes. Successful 
corrrlations were obtained with gbo  for several other fuel- 
osygcii-nitrogcri mistures ill laminar flow. Reference '7 
presents a correlation extending from the laminar-flow rangc 
well into the turbulent-flow range on a continuous curve for 
propane-air flames for a range of tube diameters as sliown i n  
figurc 187. This figure shows that the curves for the  sninll 
tuhcs clcviatc toward higher velocity gruclierits only abovc. 
a propativ molr fraction of 0.15. Referelice 1 also presents 
coritiiiuous ( " ~ c s  frorii iarniriar into turbulent flow for 
butane-air flames. Furthermore, the Iiyclrogrn-air data of 
rc*f~~rencc 3 (pp. 2%!-?%<) when properly calculated givr :I 

similar srnootli c~ i rvc  c.\-ttwlirig into the turbulent region. 
For Idowoff limits of simplc, single flanieholtlcrs it1 small 

combustion ctianil)rrs, various invrstigators Iiarc foriiicl 
corrrlations with a parameter 

c/h,&- - .3-(9) (11) 
d% 

plotted against furl concentration, where d:,, is the  character- 
istic dimension of tttic. flameholclcr and b is an empirical rs- 
poiient (table XXVI). For example, in rcfereiicc 1 3 ,  n 
correlation was obt,airied for b=0.45 with rods varying i l l  

tliamc.trr from 0.016 to 0.498 iiich (some of wliicli w ~ e  
(lownst~rc*arn of t,rrr})ril(.iic.r-protluciJi~ s c ~ r w i i s ~  for c i t> - -p ix -  
riir flariic~s iii  u, tw,,-climriisionnl c~onit)iist ion c*hainl)c~r 1 t )> -  :1 
iiiches in cross section (fig. 188). Rt~frrencr 6 reports t t i c  

tlut,a of figiirc 180 to be c"wl:itcd \vit81i b=O.:i for etluivulcticc 
ratios bcdow 1.5. IIowcvcr, rcfcreucc 14 found ttiut b=0.18 
gave t.tie brst corrchtion for n m -  (lata on rod-stabilized city- 
gas-air flames, and thatm, for lcnii Iiylrogrri-air flnmcs aiitl for 
propnnn nntl c.ity-,rrns flrimcs in cwtniri niiiycs of v.ch-ity 
: in ( I  iwrirr.ntrntiori, h is nccrntivcl. 
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Critical boundary velocity gradlent, gbo* km/sec)/cm 

FIGITRE 18'i.-V:wintion of fuel-air ratio with velocity gradicrlt at tube wnll for blowoff of seated propane-air flames (ref. 2). 

.hitilly mounted cj-lirders and cones in high-velocity 
streanis (200 to 900 ft'sec) near the open end of a 6-inch pipe 
were used in reference 15, in which a correlation was observed 
with tliamctrr for b =  1.0, when a high-boiling mixture of 
parafins i i i it l  iinplithencs was usctl. DcZubay (refs. 16 and 
17) used disks nioriiited with the diameter normal to the  
Aon- iii  ti (*ytiiidricul c1uc.t. Hr obtnincd n cwwlntion with 
b =  1.0 for iitiphtlrn. o.% for propane, and 0.74 for tiylrngcn. 
DcZubny pointed out that, in the case of referelice 13 (arid 
t h e  Sam(' coninicmt wor~ld tipply to rtbfs 6 uiitl 18), thc pro- 
j t v t t v l  fl~imc~lioldc~r nrcn wtis propnrtinnnl to t l i e  chariictcr- 
istic tlimc~irsioii bwnuse i l l  all CILSCS the flnmeholtlcr w- 
tended ticross a duct of fixed width. 0 1 1  the otlier harid, 
for DcZuhy ' s  tlritii (or t l i o s ~  of ref. 15) ,  tlie projected tirea 
is prnportiorial to tlie diainc8tt.r squt i rd .  Hence, all t h  

correlations escept those recently reported in reference 14 
are close to LTao, ao/A0.5. These and other empirical corre- 
lations (refs. 6, 7, 13, and 15 to 19) involving the character- 
istic dimension d:h are summarized in table XXVI. 

Zukowski arid SIarble (ref. 20) suggest that the proper 
cxponc~nt to be used may depend on the nature of the wake 
flow. L-iitler contlltioris w l i t w  the muin flow is turbulent, 
the flow near arid ir i  the stahilizution region niuy still tw 
laminar, so that molecular trurisport processes are important. 
I'rider such conditions an esponent of 0..5 seems to fit the 
tlntn. If the flow nhout the flameholcler is such that turhu- 
lent transport propcrties become importarit, ttirri ttii cxpo- 
Iicrit of 1.0 appears to give a better correlation. Tlic proper 
esponent, then, depeiitls up011 the Reynolds nuniber of 
the fiow and the nature of the Hameholder. 

T A I3 LE S S \'I. -CO It I1 EL AT1 S G P A  It A 11 ET I.: It S FOR CO S C E NTR AT IO S LI M ITS 0 F U LO \VO F F FRO 11 1; L .Z 11 E H( ) I, D E: R S 
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A i r -  fuel ratio 

FIGLRE 188 -Correlatioil of rod stabilizer blowoff-limlt data. 
Fuel, city gas; stabilizers 9 inches from chamher rntrance 
(ref 13) 

On the other hand, BarrPre and Alestre (ref. 2 1 )  showed a 
lack of correlation with characteristic dimension, because, 
for a c>-lincIer, a 90' gutter, and a flat plate, each having a 
projtbc,tcd width of 5 millimeters, tlircr tliffcrctit svts of 
velocitl -concentration curves were obtained. Gerstein (ref. 
21) suggests that for greater genernlity the corrrlating 
paramester stiould account for differcirccs in flow about 
obsttwlrs of tliferent shapes. The tlimcwsiori sought itioy 
be, for example, the lateral width of the vortex formed 
behind the obstacle. I J ~  cold flow, a cylinder with a projected 
width of O 7 5  inch has a vortex width of 1.09 irichcs, whereas 
a flat plate of th r  same projected width produces a vortex 
1.30 inches wide under the same flow conditions (ref. 22). 
The use of these relative vortex widths would bring the 
data of referencc 21 for the cylinder and the flat plate to- 
gether. Unfortunately, such agreement based on cold-flow 
v o r t a  widths may be fortuitous, because thc flame does 
iriflueiice ttie flow (ref. 2 3 ) .  

AIore rrvriitly Alrlstrc (rc f .  24)  has shown t h t  t 1 1 v  tlrng 
cocfficieri t of t h e  flumc~lioltlcr, nwiisitrrtl tlriririg c*omt)ustion, 
serves to improve tlie (*orrelation between flameholders of 
various shapes. His corrrlatirig paramctcr bcromrs 

Reference 13 reports that  the stability limits for a given 
size flamcholtlcr arc unaffcrtctl by chamber width for ratios 
of chamber width to  stnhilizrr criticd dimensions from 10 
to 79. Tn prwtirc, i t  is nftri i  tlcsirnhlr to rlc~tcrminr t l i r  

bo/tf:,,(>D, where (JD is the drag coefticient. 

I 
4 0  - q*- *d/ 

- -  

theti tlie optimum ratio of flameholder diameter to tluct 
diameter becomes (%>'+LA 
where b is the exponmt in equation ( 1 1 ) .  For b=c).S a 
blocked area of about 30 percent is found to be the optimum, 
while for b = l  a blocketlarea of about 35 percent isoptinium. 

I n  general, then, the velocity-concentration limits for open 
burner flames, or for open flames supportccl at the end of 
axially mounted wirtas, mtt>- he corrc4utecl by the  rritiral 
boundary velocity gradirtit. For c~otifnecl flames supportrtl 
on flameholders, an empirical correlation of the type 

niay be applicable, wtierc c is of the order of 0.5;  for p r a t e r  
geiirrality, a funrtioti of some length or area associated \\it11 
the flow about tlie obstacle might be used in place of 

Turbulence.-It tins drentiy hccn note([ tliat blov-i-off 
data for open flames on t u b s  of " w s  (Iiamcttm arc' ('01 r11- 

Iated by a single curve of vriticul h i i n ~ I w ~ -  ~ h c ~ t > -  gi~aclil~ri t 
against fuel concentratiori for both Iriinliuir antl turhulr i i t  
flow. Turbulent flashbac-k is not ortliriarily vircoiinttwd 111 

laboratory experiments; but, with wry high vdocitJ- flumes 
(e. g., H2-02 flames, ref. 25) i n  lurg(~-(ltclriic~tc~r tubes, or at  
increased pressure, it may o ~ u r  (rvf 12). T h  g,b for 
turbulent flames is always grecltcr t l i a i i i  t tist for hmiiiar 
flames of the same inixturch, because tl it l  laniiriar t)ouritlary 
layer at the wall within wliic*li staldization must occur 
becomes smaller. 

Srurlocok (ref. 13) proilrirctl kriowii trtrt~ule~ioi~ i n  tlie 
approarli c;trcml of roiifinc~l f l m i t ~ ~  1 ) ~ -  mptttis of s('rct1iis i s  
t Iic intensity of t urbiilcwc-t. was t r i c w i i s c t l ,  blowot L vclocit ics 
decreased (fig. 189). The cffert of turbult.nce of given scale 
and intensitv tlrrrrascd with i n r w t w  i n  tlic ratio of flunie- 
holder diameter to turbtilrnce sc~ulc. ( h i  tradic-tor)- results 
are reported in reference 19, which stritcs tliat placing 2% 

flameholder farther from the source o f  turbulence (closer to 
thr r~m~~iistiori-(,hiimber ouit) .  mhrri. thc  iritctisity and frr- 
qiiriiv\-of t i i r h i i I t ~ n i * v  :irv *malltxr i I t ~  rcviwil tlir sttt~~ilitvlirnits. 
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Boundary-layer thickness.-Iii rvfrrericr ‘26, t l i v  t 1iicI;ness 
of the boundary layer on a flanieholclcr was varied by rrmov- 
ixig part of the layer by suction through grooves in the flanie- 
holder, The data of reference 26 and other data show 110 

effect on blowoff velocity as long as both tlie approach fow 
and the boundary layer are lamiiiar. If the approach stream 
is turbulent, a thin boundary layer may be penetrated to 
favor blowoff. When the boundary layer itself is turbulent, 
blowoff is accelerated in the same manner as it is promoted 
by upstrraxn turbulence, but the effect may bP more severe 
bccaause of the absence of tlie laminar buffcr laycr between 
the combustible mixture and the recirculation zone. An 
increase in the flame-wedge angle a t  the farthest upstream 
poiii t of flame holding increased tlie flame-holding abilitv. 
In reference 7 ,  the effect of boundary-layer removal from 
the flameholder (approximately 1 percent of the total flow) 
was studied ; flame heights were drastically reduced and 
blowoff velocities were halved. 

Reference 27 reports that, for stream velocities of 80 to 
180 feet per second, the theoretically complete removal of 
the boundary layer markedly decreased the blowoff velocity 
of a fuel-lean flame and slightl>- decreased the blowoff 
velocity of a fuel-rich flame. I t  was also observed that 
blowing air into the boundarj- layer decreased the stability 
of lean flames and increased the stability of rich flames. A 
stable pilot was obtained by blowing propane into tlie bound- 
ary lager, even when the mainstream fuel concentratio11 \\ as 
zero. 

In summary, boundary-layer removal has no effect whm 
both the approach flow and the boundary layer are laminar; 
when the laminar boundary layer becomes very thin because 
of approach-stream turbulence, or when the boundary layer 
itself becomes turbulent, its removal reduces stability. 
Lean flames are affected more than rich flames. 

Electric fields.-Reference 28 reports that longitudiiial 
devtric fields, eithw alternating current a t  400 cps or direct 
current with the positive electrode iri tlie burned gm, 
approximately doubled the blowoff velocity of a given 
propane-air birrlior flame as the voltage was increastd from 
zero to 2000 volts. The rate of increaw of the blowoff 
limits decreased rapidly after 2000 volts. 

Reference 29 confirms the preceding loripitudiiial dirrvt- 
current field results in a study with butane-air flames. In 
the apparatus of refererice 29, the downstream electrode was 
a platinum ring around the outer tube or skirt of n split- 
flame burner, and therefore the blowoff curves obtained were 
typical of confined flamps. The inner flame cone was sub- 
jected to a direct-current field of 0 to 18,000 volts, which 
caused a current through tlie flame of 0 to 100 microamperrs. 
Further results obtained for a positive firltl (positive down- 
strenm elertroclp) \vert’ as follows: ( 1 )  Coiicwitrutioli limits 
coultl be witlentd 200 ptweri t ,  ( 2 )  tI(~atI s p w ~  could tw re- 
duced 70 perrtwt, and (:%) flame prc’ssure could be more t hari 
doublrd. W i r n  thr tlowristrc~am c~lrc*trotlt~ was macle nciga- 
tive arid the. direct-current voltagc W ~ L S  iricrtvmctl, it was 
found that (I)  concentration limits narrowed a t  low voltages, 
but the same widening obtained with positive fields was 

ot~tninetl a t  the  1iigtit.r voltngrs; (21 velocity limits increasctl 
in a11 erratic maririer; (;{ t tlcacl space pnssed tltrougli u nins- 
imum (at highest voltnges the Aanie vibrated rapidly niid 

then became “derby” shaped); and (4) flame pressurr. cle- 
creased and then increased with increasing voltage. 

With a transverse electric field of 15,000 volts, the con- 
crntration limits were narrowed by 43 percent with a flow 
rate of 61 cubic centimeters per seco~id, rcgardlcss of wIi(~tlier 
or not the flame was deprived of secondary air by using u 
quartz mantle (ref. 30). As stated previously, the iiiricr 
cone and the flow lines inside the cone were stronglg t l c b -  

flected toward the negative electrode. The addition of 
alkali salts had little effect on the deflectiorl of the flow lines. 

Acoustical disturbances.-Refrrcrlce 28 reports t lrt i t  stroiiK 
acoustical disturbances decrease the blo\rotf stubility limits 
of propane-air flames. I n  certain cases, an increase in sound 
intensity caused a seated burner flame to lift above the port; 
but when the sound intensity waa again decreased, the flame 
blew out,. The eddy motion in the emerging gas jet caused 
by the sound had stabilized the flame. 

r 1 1  

I Screen percent 

1 o None 

Intensity. Scale, 

0.4 0.01 In 14 J I 
1 A 55-Mesh, 0 . 0 0 7 - i n  wire diam I .05 .OlO 1. 

o 8-Mesh.  0 2 5 - i n  wire diom. 5.00 ,013 
o 3-Mesh, ,063-in w i r e  diom. 8 00 0 3  I 

Air-fuel folio 

FIGURE 18!l --Effect of approach-streanr turbulence on rod stabilizer 
Screens 2 inches blowoff limits of Cambridge-city-gas-air flames. 

upstream of 0.038-inch rod in 1- by 3-inch chamber (ref. 13). 
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FIGVRE 190.-Effect of pressure and burner-nozzle diameter on sta- 
bility limits of stoichiometric acetylene-air flames at  room temper- 
ature (ref. 31). 

PRESSURE A N D  TEMPERATURE VARIATION 

Pressure.-Stability diagrams are presented in reference 
31 for acetylene-arSon-osvperi and acetylene-air flames. 
The data arc actually presrritrtl on what might he considered 
velocit\--prcssure limits for these. mixtures i n  various tubes. 
For a given mixture. II. tlifferent vrlocity-prrssure curve 
for ( w l i  l~urn~r-nozzlt~ tlinineter was obtained as shown in 
figure 190 for acetylene-air flames. Each of these curves 
consists of a blowoff bran(+ to the upper left and a flash- 
back branc4i to the right The  lowcbr part of each curve, 
which tins u ricgative slope and connects the blowoff and 
flashback portions, reprcwnts the estinction limit where 
the flamr (lies out because of its inability to supply enough 
heat or artive radicals to a sufficient volume of gas to coii- 
tinue the propagation. 

Tlie curvcs of figrirr 190 v r w  obtaintd by vnrj  irip p w -  
SIII’C along a cwrist:irit voliimc.tiit* ffou 1 1 i i c  r i i i t i l  c i t1 i c . r  f1;i-h- 

back, blowoff, or tistinction oc~currl~l .  Thc narrowiiig of t h c .  
flashback extiiiction neck in the curves at lowcr velocitirs 
was pronounced for these acetylene-air flames. I n  this neck 
region, flat flames w r c  obtained, arid the computed flamc 
velocity dropped below the nori-pressiire-clt.penderit vnluc~ 
obtained wlien this region was avoidrcl. The miiiirnuni of 
each curve represents a minimum propagatlor1 vrlocity for 
the mixture, wliidt nppnreiitly is not greatlJ- affccted by 
pressure or t r i l ) c  tlinnit.ter. ?.lie limiting prcssrirc for coin- 
bustion of a given mis twe at a given velocity was inversely 
proportional to tube diameter. I n  other words, tlie blowoff 
estinction curves of figurr 190 may be brought togrtlicr by 
plotting critical vdocity ugwist t tw  protlwt p l r t l D L  iscc d s o  
ref. 12). This is analogous to the use of the correlating 
parameter C/pdtybC for blowoff from spherical or disk-shaped 
flameholders (table SUVI).  

Reference 32 presents tlie extinction curve for stoichio- 
metric propane-air flames burning from Bunsen tut)cBs or 
from round-end rods mountrd axially in tubes. ‘I‘lic extinc- 
tion velocity was proportional to P - ~ .  The length of tlie 
cst iiic*tion r u r w ~  11 as incwclscd by nicans of longitutliiiul 
rlrrtrlc. fi~ltls. u t i i v h  tlisplacc blowoff curves toward liiglirr 
veloc*iticis as tliscrisstd previorisly. Refercnccx 3 3  reports that 
t l i r  vri tical vdocity prti(li(Liit for flastibnc*k g,* iiicrcascd 
prc’ssurc for mcithaiie-air from :: to 1 atmosphere, or 
g lb  cc po Io Since tlte da ta  of rcfrreiice 33 showed flame 
velocity r >  a p-O 24 for metlitme, ttir penetration distance 
was approximutt~ly invc~r.sel>- proportional to prcssurc ‘rhe 
rritical reloc.itj- gradient for blowoff g b o  also iiicreasetl with 
pressure (rcf. :<:<). While the blowoff data nere  more 
wratic than tl ic f l ashhck  (lata for mctl iow.  900 wis np- 
prosiinatrly proportiorinl to prc’ssrirc for bot11 mc>tliaiie aiul 
butane in the rangr ): to 1 cltmosptirrc.. 
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FIGVRE 1!)2.--l.:ffect of initial mixture temperature on critical 
Reynolds nitrnbvr for l~lowoff (by permission from ref. 10). 

It has alrcacly bern stated that the contradictory reports 
on the effect of pressure on flame velocity map very prob- 
ably h t l  ascr ibd  to apparatus cffects. It is rquully lilidy 
t h a t  the results of studies of stability limits utitl strurturc of 
open flames at  various pressures are subject to unknown 
apparatus t+€rrts. Rvferrncc 1.5 rcports that, for cyliridrical 
fltinirliolders mounted axially near the rncl of ti 6-1nch p i p ,  
prrssure changes between 1 and :!j atmospherrs had little 
effect on blowoff limits from large-diameter flanielioltlers 
(2 87 in.). Refercnces 7 antl 16 report blowoff results for 
smaller disks or spheres to be correlated by a parameter 
including pressure in the denominator (table XX\'I). 

Mixture temperature.-Tlie effects of initial mixture 
temperature on the flashback arid blowoff limits of opcw 
flames of methane and air (ref. 9) antl propane arid air (rcf. 
10) have been studicd rrcently. In these studirs, thc. h r n r r  
rim temperature was not miicli diffrrrtit from the mixtiir(3 
tcmpcrature. T h c  critivul average stream vrlocity for 
hlowoff of propatic4r flamvs ' r d .  10) from a t 5 (knillinictvr 
tube irirrrastd w itli approxirriatc~ly thc squnrtb of t he  ab- 
solute tempc~atiirc, \$ I i~ thc r  t l iv  s t r w m  flow 1% 11s lnmiaar or 
turl)ulcnt. T h e  c4fec.t of tcnipcrntrirr 011 ttiv fluslibac-k 
vdocity was an t'vrii more protiortncwl incwasc, so that 
tlicw was a rchtivr tlrcrrase in th r  flow rang(' for staltlr 
flames, as shown by figurv 191. Enipiricul tyutltions for 
masimiim flasti1)ac.k vtlloc-tty atiti for turl)ulerit I ~ l o u o l f  
~ c ~ i c i i ~ i r v  <ii 11,. , , I I I I I '  rltiiriilt ' i f  I S  1 . 1 1 i o  1 !? ,  nII i (11 IVIIY , I I \ I ~  

closr to the equivalrnce ratio for masirnuin flanic~ vc4ocity 
(wf. I O ) ,  took tlie stitni' form 0s empiric.ul m i s i i i i i i i i i  flnnie 
velocity equations. For t l i c  trmpwuturo ruiigci :30fjo to 
617' K, these wrre: 

For maximum flashback velocity. 

For turbulent blowoff velocity, 

Xeither critical boundary velocity gradient, critical mass 
flow, nor critical stream flow Reynolds number entirel?' 
eliminated the effrct of trmpc~ratrtrc~ on t l i c w  stability limits. 
Of these three parameters, thc ctrititvd Rcynoltls number 
(using only one tube diameter) most nearly eliminated the 
temperature effect, particularly for blowoff limit, as shown 
in figure 192. The penetration distance decreased with 
temperature for flashback and increased for blowoff. A 
comparison of twice tlir prnetration distalice rDcn u i t t i  
reported values of the quenching distance betweeu parallel 
plates I,, showed the ratio r ) ~ ~ ~ ~ ' r , ,  to be 0.6 to 0 7 .  T h e  sug- 
gestion was made that this ratio A" lrss tliaii 1 brcause a 
minimum space was required for the ocvupancy of t h e  flame 
itself in traveling througli a tube or ht~twrtw parallel plates. 
Approximately the same value of ~ I ~ ~ ~ ~ T ~ ,  va s  observed i n  
reference 3 (p. 285) for natural-gas-air flames a t  room con- 
ditions. The prediction of the effect of initial mixture 
temperature on critical boundary velocity gradients is rlis- 
cussed in the theoretical section Iwreinafter 

Other investigations have nlso reported critical average 
velocities to be proportional to To to a power equal to or 
prater  than I .  It was found iri rcfereiicc 34 that  LTa,xT, 
for flasliba(k of c,oke-oven gas flarnes wlieti only the air was 
prdiwtctl.  This rrfrrcncsc rvportr the trmpwatiirc exponents 
to lw t ti:) uiirl 1 3 for luniiirnr n i i d  turhuJ(wt f la~h1)wk.  
rrspectiwly, of city-gas-air flames. Rt~frrt~nc~t.s 35 atid $56 
give 1 r,,a To for Mowoff of liquid-rapor-os!-gri misturcs 

T l i c a  of fwt  of spproueli-strt'ani trinpc.ratiirc on bios-off 
from vyliiitlt i c d  flumc~tioltlcrs I I I  two-tlimc~ir~ic~rial duct hiis 
been studied i n  refercrices ti and 18. Tlic data, which cover 
teniperaturcs runging from 610' to  960' R (339' to 533O K1, 
were correlated reasoilably w*l l  by plotting lTaJd;& 
against eqiiiva1tmc.c ratio. Thc tempc~raturr~ exponent was 
believed (ref. 6 )  to be reprtwntutivc of the  effect of tiwiper- 
uture on flame vrlority, as sliown by the data of refcrcriw 37. 
On the basis of tlic larger trmptmturc exponents reportetl 
from the majority of flame vrloc*ity investigations (table 
S-YVI) ,  the correlatioii is rc*gnrdwl as strictly empiricd, 
partivitlt~rly siricqe thc ptvivtrat ioii t l i s t a n w  for open flsniw 
liiis I)IYW shown to vwy  wit 1 1  tcmipmititrc~ 

I t i  priirriil. thcw, sttthility limits for c.itlwr opcw or  r o i i ~ i i i r v l  

flamcs a r t  proportional to  init it11 trmprratitre to some power 
grcatt,r t I i t i n  I , prohahly = 2 f i r  t hvof f  of oprti-i>urn(~r 
flames, >2 ior finslihtwk of opcri flunws, uritl = 1 '7 for 
blowoff of rod-stnldixccl confirirtl flames. Undoubtedly. the 
exponents vary with c~oticcntrzitiori ntitl fricl type. ant1 are 
i i i f l i i c m w l  1)y .iric*li facbtors u s  1 ~ 1 1  tcmpmx,turc :ind w-ntcr 
\ i l  I,( I' 
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\VI itarc 
.I-, niolti fraction of jtb fuel in multifuel mixture with air 

S: niolc fraction of jtb fucl in binary mixture of j witli air 
that  has a given blowoff limit 

that tins t l i c  snnie blowoff limit, 

cannot be used to determine stability limits of these binary 
lnistures of liyrlrocarbons witti hydrogen, but equation (17) 
can be used to determine blowoff limits for lean hpdrocarbon- 
liydrogen mixt,ures (ref. 40). A significant result of the 
stuclirs is t,tiat a small addition of hydrogen to a hydro- 
c-arlmi. particularly for rich over-all mixtures, widens t'he 
stnhility range, htv*aiise the  blowoff velocity increases much 
fastrr than the fluslibtick yrlocit:v (refs. 41 and 42). 

Ht.ferenc-c.s -12 to 44 also report studies of mixtures of 
methane, propane, or hytlrogen with carbon monoxide. 
For the li~droearbon-carl)o~i inonositlt mixtures, ttie critical 
vclocititbs or vt.locity prtitlivnts for tluslihack or blowoff pass 
t Iirough a maximum for low liy(lroc.LLrboti-c,arbon monoxide 
ratios for a given owr-all equivnlencr rat,io. It appears t8hat 
t l i c w  ratios for ninxiniurn litnits nrv such that the cquivnlrnce 
ratio with rcspcvat to tlir I I ~ c I I W * ~ ~ ~ I ) ( J I I  is of t h c b  s t i~m '  order as 
tliat with respwt to rtirbnn monoxide. With hydrogen- 
curl)on nionosiclc 01' t i ~ \ - c l r o c . t ~ r ~ ) o r l - l i ~ i l r o ~ ( ~ ~ i  rnisturcs, suc*li 
niaximunis do not o c c ~ ~ r .  \Vliilc the siniplc linear niising 
rule (eq. (18)) dotls not apply for avrrnging critical boundar-v 
vc.locity gratlicnts of  cinglc, g:~scis t o  o l ) t i i i r i  c,ritic'ul grnclivtits 
of binary Inisturw. it (Io(*s \vork r(\iw;OriitI)ly ~vtil l  wiieri ' 

binary mixtures suc*li tis COACII, ant1 H,+CH, arc' 
combined to determinc tlic critiral hund t i ry  velocity gradi- 
ent of the trxrnary mixtiire C O - ~ F I j ~ C E I +  

Hydrogen sulfide dwrcases t h v  llanie stubility of Ilytlro- 
carbons just as it tlccrcascs t l i c  fiwn(1 v t h i t y ,  tlie cxtc,tit of 
the  dwxease beconiing grcutcr as the over-all equivalence 
ratio is incroascd. Ho\vrvc,r, Icun niistrircs of H,-HzS 
follow equation (17) (rvf. 40) .  Equation (17)  was also 
tested for isobutanc-ethcnr~ mist urcs drprived of secondary 
air (ref. 4) .  It was found t o  apply for lean mixtures, but' 
tlic. iri(liwt(d suniniatiori I ~ I I S  lvss tliari 1 for rirli mixt urc>s, 

Water vapor.---Tlitb t i ( l , ~ . L . t ) ~ i  of 2 . 5  ~ ' I Y Y ' I L ~  wutchr viipo-  
to the primary air t l r v w w c t l  t l i c  I)lowolf, lift, atid (Irop1)wk 
litnits of hi i t i i r i t .  f1iinic.s (ref. 45) .  The hlnwoff vd0citit.s of 
rich rriistiiros tl~wc~asctl tipprosiniatoly 5 pm-on t arid tiit? 

blowoff vclocitii~s for  l rur i  rnixturrbs decreased by 10 to 30 
pcbrwiit. Thv acltlitiori of \\nter vapor to t l i v  scv,oritlury air 
Iiad less effcvt, ultlioiigh some dccrr.ase was notcd ut  Iiigtirr 
coricwitratioris untl vt~locitic~s. Similarly, tlte atltlitiori of 
' , \ : i t t~r  ~ ; I I ~ ) O I ~  t o  :!I,, ; i r i ~ ~ i : t r ; .  III' ~ 1 i ~ r . r . i  ( 1  l l l l .  ~ ~ ; ~ ~ ~ ~ I N ~ , ! ~  .1!1(l 

hlo\voff r t h . i t i e s  of mettitrile flnnws, Ilut the  u-atcir vontrnt 
of t i i t ,  scv~)iitlury air l i i i t l  l i t t l v  c~fft~ct (rcbf. 4:$ ) .  I;or c.url)on 
monoxide flames, water i l l  cittier t tie p r i i n q -  or the seroiitl- 
ary air increased ttie blowoff velocity, but the flashback 
velocity gradient was not affected by water in the secondary 
air. as would be expected (ref. 43).  

Diluent concentration.-Tlic (.fed of diluent conceritrit- 
tioii is presented iii tcrrns of the volumetric ratio 
$=0,:!(0,+S2) by Lewis and VOII Elbe (ref. 3, pp. 299- 
:$02)  for mrtlinn e- a i i  (1 propa ne-osygrn-tii t roam mix t u rcs. 
.is $ increases from 0.21 (air) to 1 .o for CH,-O,-S, niistui,rs, 
both flashback and blowoff velocity gradients increase ap- 
proximately a hundredfold for concentrations near stoicliio- 
metric arid a thousandfold for lean flames. The viilues of goo 
increase somewhat more t l i t i t i  tliose of gfb, so ttiut, i~ slight 
widening of the stability range results. I t  might be noted 
that the corresponding increase in maximum flame velocity 
is only of tlie order of 10 (fig. 139), so that penetration 
distance near stoichiometric decreases by a factor of the 
order of 10. 

THERMAL THEORIES OF FLAME STABILIZATION 

BURNER FLAMES-CRITICAL BOUNDARY VELOCITY GRADIENTS 

Lewis and von Elhe (rcbf. 3 .  pp. 379-390 u11d 4 2 5 4 % )  havc 
obtained approximate tlieort>ticd q u a t  ions by w t i i c b l i  y r b  
arid ybO may he calculated i f  flame velocitics t i t i d  rnirlimurn 
ignition energies are knoaii. These equations wcre ot)taiiied 
by considering the flow line for which the stream vclocity 
and flame velocity are cquul and integrating t l i i >  c i t t q y  
equation for a plane combustion \vave. To cic*c-omplisli tlir 
integration for tlie reaction zo~ie ,  this zone was suhdivitlccl 
into an adiabatic tint1 an isothermal zone, and i t  was assumrd 
that tlT,'tlr= (TF-  T3) / ( sF-sX)  for the a d i a h t i c  zone. 
Ignitioii-energy data werc used to tleterminc the  inflect ion- 
point tcrnpe>ruture T3. .\grcwnclit l)ctww[i calculatetl and 
cspcrimrrital gho curvt's f o r  t i i i~t l i i i i iv - t i ir  u t  room coritlitiolis 
was satisfactory witt i  regarti to ttic curve eliapc, but cnlcu- 
latetl valucs w t w  low by a factor of 2 to 10. Caldutcvl  
tlnslihuc~k aiid qu(vic1tiiig limits for propmiwiir (lid iiot L ~ V ( > I I  

slioiv t l i c b  c-orrcct trciitls i i i  ull ruses. 
Alore reccritly, satisfucstory i&tivc predictions of critical 

b o u d u r y  velocity grutlicwts u t  various initial mixture 
trmperaturcs To  w ( w  obtaiticd for methane-air flames by 
solving equation (10) for y (ref. 9):  

It was assumed that 

f rom the  ~ I ~ ~ l l a r d - I , ~ ~ C h u t c l i r r  tiquation ( s w  (41. IV, "(I. (;$St), 
wlicre T p  is tlic calculated adiabatic flame temperat urt' and 
TJ is tlir ignition temperature for the flame rraction z o ~ ~ e .  
(In cti. I V ,  t h t  fnctor K / C , , f i c  was assumed to be intlcpcndent 
of tcnipcntturt.) It was further assumed that, for flashback, 

x : p e n . J b  OC T 3 - T o  (21) 

' j l l l  0 = \ 11, x T 7 \  -- w>\ 
. __ 

arid, for blowoff, 
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ture, T., O K  1 

(23) 

u i i c l  quntions (200) and (21) or ( 2 9 ) .  This proccdiirtb gavc 
:in (yiiutioii for T3 t h t  \VIIS cal)icb for flnslil)uck or qri:idr:itic 
for l)lo\\otf. T l i v  \-i\lr1c>s of T3 (1:lrgcst of tllr rrnl roots) froti1 
various pairs of gratliciits were averaged, arid the average 
vnlue \vas used to computr gradients for the tcinperature 
ixirg:c st ridicvl. 

&\i t  approach tli:it nvoitls t l w  nccrssit>- of dvtwiniiiing 7h 
and that takes into account approximately thr variations iii 
ttitwnal properties aiid reaction rate (which in tarn is re- 
lated to tlie reaction-zone thickness qe) is suggested in 
reference 10. This approach employs the modified form of 
the Stwiciiov cqiintiori (bimolet.ultLr rtwtioii) for flame ve- 
locit>- ( ( 1 1 1 .  IV) : 

The lat,ter assumption is in keeping with the Semciior ap- 
pro:tc*h for flariic vc1oc.it.v. l)cvaiis; Simcriov iissuitictl t lint 
7, was always n t w  TF a i d  varicd w i t h  TF I~ecausc of tlir 
tq)oiiential variation of the reaction rate with tcniprraturt.. 
Eqriiitioiis (24) ant1 (251 ('an be substituted for f Y F  arid 
xDe,,,,,, iri rqriat ion (2:3) I)>- using uctivntiori eriergirs from low- 
tt~iiipwutiirc oxitlntiori stu(1ic.s iri t lw  litcntrirc.. 'I'liis sub- 
stitution ptrniits c1irtv.t soliitioii for the ratio of tin!- trvo 
v t i l i i t ~  of y lb .  I t  might tw cirgwtl ttiut t l w  r w  of :ic*tivution 
energies from low-tcmptmturc oxitlation studies is subject 
to  qiicstion, but sudi  activcit ion erir.rpic$s havt, horn usrcl 
siie*Ct*ssfiilly for flunit: \-clotit>- prtdirtions ((.II. 11-1 a i i t l  m u s t  
s u f f i c ~  wit il more appropriatv valucs are measurctl. 

Critical bouiidary velocity gradients for flas1il~uc.k (re- 
ferrrd to the gradient at' 306' K) have breii calcirlated from 
the data of rrferrncr 10 using 38 kilocalories per molt. for 
EOc, for propane arid adiabatic flame tcmprraturrs us follows: 

422. 1 1 'Loo 1 I O 0  
506.  . . 1720 1710 
617- 

I 

Equatiori (22) for the penetration distance for blowoff may 
be oversimplified c'vcn for fuel-lean flames, becuusc it ricglccts 
the role of wall-qurnching and assumes that secondary-air 
diffusion occurs at  To only. Actually, the secondary air 

must eitlicr travel tliroiigli t l ic t l m t l  spnc(%, w h r c  tlic tcm- 
pw:itrirr vnrivs froiti T,, to  ' i o i i i ~ ,  v:iIiiv i i c ~ a r  T,, or tliro~igti 
t,lw burnc(I gns (fig. 1%(b) \ .  Siiicc. T,, for miin?- fiwl-air 
niistiircs, incrcuscs apprnsininto1.v f" for cacli 'I< t l int To 
is increased, it follows that any temperature between To 
arid Tp iricreascs less rapidly than To, so that it  miglit Iw 
more reasonable to assume that the square root of the  
cliffusioii co(4hciciit vtirivs w i t h  To5'. Hctncr, taking t I i v  
effect of wul l  quenching into ticcount. i t i  tlic sumc inntiiier as 
flashl~ack, 

r p ,  ,,. bu a To' ' i TF - Tu) CX I 

I n  spite of these arguments, Iiomvcr, cquatioii (22) gave 
somewhat better resu1t.s for propanc-air at, an quivalcnc-r 
ratio of 1.12 irc.f. I O ) ,  as can tw s(wi from t l i r  followiiig t n h l v :  

Critical bouiidary velocir! gradieiit for 
blot\-otf, g,,, see-' 

Eqs. . (22)  to ~ Eq'. (23j, ' 

I 
Initial tempratme,  1 

! I To, h 

I I (26) 
1 (24)  ('La), and Zlra-ured 

In summary, either tlic mcthotl of rcfcrcncc 9 or tiit. 
method suggested in referciice 10 appears to give satisfav- 
tory predictions of the effect of temperature on criticid 
boitritlary velocity gradirnts, but thr ltitter method is Icss 
tedious and somewhat more clcsirable t lieoret icdly bccniisc 
it uses the Yrmenov approach with regard t o  ignition 
tcmpcrat urr. 

FLAMES SUPPORTED ON FLAMEHOLDERS-EDDY STABILIZATION 

Rcfvrciicc 13 s i i g q s t s  1 l i n t ,  on I I  tlicwnd hisis i i l o r i c ~ .  t l i e ,  

quantity of twcrgy rcqiiii~c~l from the stiibi1izc.r norihl br 
increased by (1) iricrcasing the approach-stream vc4oc.i ty 
i,, (2) increasing the t l i f f ( w r i w  t)ctwccw the ignition tcm- 
pertlturr arid t l i c  nppro:ic.li-strcuni tcmpmitiire T3- To, 
( 3 )  iiicrcasiiig thc  tliicliuc.ss of the prc.igiiitiori zoric. or 
(4) increasing ttic heat capacity pcr unit volumr. If, as in 
tlir early tlitmnal theorics, the tliickricss of t h v  proigiiitiori 
zone is assumed proportional to tlir thcrninl diffusivjty 
K / P C ~  divitlrd by the laminar fiamc vrlocity, tlirn t lie reqriirrcl 
heat-supply rate can be written ns 

(277) 

where c is a constant arid where tlic bracketed term includes 
the fartors affecting t l i c  hcvit-traiisfrr coefficient from heated 
cylintlcrs. In ttic two-tlin~c,iisiorinI tliict. t l i r  area for hrat  
trarisfw is proportiorial to t tic rod rliimctw d r .  Eqriatirig 
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Qrrp n r ~ r l  Qah, 11 rthtion of the form 

(2 9) 

is obtaint.d, where tlie new esponent b on tlie rod diameter 
replaces c/ (1-c). This type of correlation is demonstrated 
in table S S V I .  

I n  reference 16, a quantitative relation was obtained by 
considering the recirculation zone behind a fiameliolder to 
he a sttmly-state rcartor of v o l ~ ~ m c  1.. If a homogeneous 
irnburned-gas niisturtl of furl-air inass ratio f enters this 
volume at  a rate such that the air mass-flow rate is w, (in 
g/sec), and ti fraction tin of the entering fuel is burned within 
t l i c  voluniv. t l i c n  tlie fut4 t)urnctl is w,fim. This quantity 
must be equal to the fuel consumed by chemical reaction. 
Reference 46 states that a second-order reaction is required 
to account for the observed effect of pressure (stability 
correlates with p - * ,  table XSVI). The actual rate-limiting 
reactions are unknown, but their concentrations can be as- 
s u m d  proportional to the mass air and fuel concentrations 
'6 ~ and %,, respectively. The  collision factor combines 
the c~ollisioii number. the steric factor, arid the concentration 
proportionality constants. Thus, the material kalance 
can be written 

Sow ' d i  and %'! can be related to the initial fuel concentra- 
tion and the initial tenipernturc tliroughf and t , " ;  with the 
appropriate substitutions, equation (30) can be written as 

where 
T p  

I s ,  

adiabatic Hanie teniperature corrcspondiIig to frac- 
tion burned 
fraction of stoicliionic.tric* futd conrentration i f  mis- 
turr is Iran, unity if mistrrrc is rich 

$ (Irf,,If+1~1'")* 
Af molerular weight of fuel 
If w , / I p '  from equation (31) is plottcd against I , " ,  curves 
such as tliosc ske tchd  in figure 193 are obtained for various 
concentrations using a given artivatiorl energ?;. (The 
equation is actually triple-valiled i n  part, but only the values 
inclic.atecI by the solid curves are of practical interest.) 
A hloucut curve of w , / 1 p 2  against concentration can be 
obtained hy cross-plotting the masimums of such curves 
against c-oucrntration; t l ic  maximums c*or~ld be obtained 
directly I)y ct'ttiiig t l i r b  tlcrivativc of cqwltini i  ( X I )  e q d  
to zero. s t i l k  II g for t i n  1 ) ~ .  trial ~ i t l  rrrur, tin(l substittitiirg 
values of t," untl Ty iiito equatioll (31) to obtnin vnlues of 

The air mass flow w, into the recirculation ZOIIC is propor- 
tional to the velocity U,  to the stream density, which in turn 
is proportional to the static pressure p ,  and to some function 

w,; r pt. 

of tlic diameter d. The zone volume T' tlepends almost 
entircly on some function of 11. Hcnce. 

w.E- I' 
Vp2 dbp 132) 

which lias the same form as the correlating factor used by 
DeZubar and others if b=0.85 or  some such value (table 
XWI). From DeZubafs data, 2 was estimated to be 
4x10" cubic centimeters per gram mole (ref. 16) for E,,, of 
40 kilocalories per gram molt.. These values arr rrasonnhle 
and are comparable with those obtained from classical 
kinetics. For a stoichiometric mixture, these values give a 
maximum value of w,/Vpp2 of 40 g/(sec) (cc)(atm2), which 
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FIGERE 193.-Variation of IC.: I'pr with 1,". 

corresponds to ~,=0.72 and a heat-release rate of 190 calories 
per cubic centimeter per second, or 77 million Btu per 
cubic foot per hour. These datu arc used in rcfcrcnce I5 to 
calculiitc. B Hame-front thickness of 0.022 ccwtinwtw. It is 
stated that, since a reported value of the flanir-front thick- 
ness of a propane Hame is 0.05 c t~ i t i rn r t c~ ,  or more t l i u i i  

twice as great as the calculated value of refcrc.lict 1.5, the 
flame fronts in the rrcirculation zone must ovcrlnp. 'Thus, 
a statu of homogeneity would tw approachccl, or, in otlicr 
ivortls. t hr ciilculatctl rcsults aril not iiico~isistc~it \vi1 fi t fie 
)rigi. I cissriiriptioli of l i o m o g c ~ ~ i t y .  'I'liv :: ~ ~ r c ~ r : i l  ~ * o r i c , l u -  
;ion is t l i u t  under certain conditions c-ombrist ion n p p ( w i ' ~  lo  
proc*ectl homogeneously as n. swond-on1c.r i ~ h ~ i i i i ~ d  rcwat i ( m .  

I'h gross feutcirtbs of flanie stabilizatioti btbhilitl Ilunw- 
'iolders in high-velocity airstreams are explained by this 
qypothesis. 
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.\Iorc rrceiit c l c i t c i  (reif. 4 7 )  Iwd to tlir suggstioii t l i t i t  tlicl 

iiatiirr of t t i c  w t i t w l t i t  ioii %otic w i t l i  r~gnrtl  to t r n i p ~ a  t iirc 

and composition may n o t  chaiigc appreciably as blowout is 
approached. The blowout condition could occur because of 
insufficient heat and frre-radical transport from the recircu- 
latioii zone to the main streani wlien a critical velocity 
gradient is reached i n  the region of the flameholder. 
lleasurements of recircrilatioii-zorie size, temprrat w e .  and 
composition tend to support this view. This different 
conccpt of flamelioltltxr sttibilizntion is of coiisitlcrnblc in- 
t tws t ,  ant1 further study IS rtyuircd before a choice cnii I)(> 
macle between the two mechanisms. 

In all the mechanisms of flame holding by rods discussed 
lierein it  has bcrn nssunirtl that the recirculation zoiie 
heliintl the flamelioltlrr is a11 important part of the flcpc- 
holding process. Schaffer and Cambel (ref. 48) have 
generated the reverse flow necessary for stabilization by an  
opposing jet, thus eliminating the need of a physical flame- 
holder. Generally, a flame could be anchored initially 
more easily with the air jet than with a physical flame- 
holder. The dilution effect of the air, however, usually 
meant that richer mixtures were required. A comparison of 
the blowout curvcs with a plij-sical flamrholtler, an air jetl 

. 

1 -T--i. , 7---T--7 280 - , 

A physicol holder 
Air jet 

o No holder 
- 

b 

1 

- \  
- 
m 
' 12'- 

Phvsicol holder 

I 1 1 , 
1 

O.6 .8 1.0 1.2 1.4 16 1.8 2 0  
Equivalence rotio, 'p 

occurs in  the jet-stcibiliztd Ham(. hc~c.niis(~ of c i l t r i i i l l n i t w t  of 
t t i c  l)uri~ctl gusrs alotig t l i c  t)otiii(lui.j- of t l i c  frcic. j t b t .  

T h e  pcrformance curves i n t l i w t e  that, for the f l u 1 1 ~ -  
holders tested, tlie recirculation is greater for the  air jet. t l t a ~ l  
for the physical flameholtler. The presence of the i*ecirculn- 
tiori zone in  both cases was confirmed by scliliereii photo- 
graphs. It has thus been dcnioiistratcd that stabilizatioti 
car1 be achieved without a plij-siral flumelioltlrr i f  nii tide- 
qunte recirculation can be achieved by nri eilteriintive 
mctliotl. Ftiilurr of thc nutliors (rcf. 4s) to obtttiri f1nnic 
liolditig with an opposing iiitropcn jet indictites that the 
recirculation zone must be an active source of heat and 
chemically active species. In apreernrnt with tliis. n ~ i  
os?-pen jet was found to pivt. suprrior stti1)ilizeitioii to ti11 air 
jet,. This suggests that  augrneiitatioti of the recirculiitioti 
can improve flame stabilizat'ion. Addition of oxygen beliintl 
a bluff body and the use of pilot flames are practical niethods 
of improving flame stabilization. 

NONISOTROPIC FLAMES 

Stationarx open flames were long considered evitlenc-e t hu t 
tlic laminar combustion ivtii-e is tlyriciniic~ally stable. - i i i u l -  
yscs of flame propagation ((,ti. IV) customarily start with tile 
assumption of a steady-state, one-dimensional flumc front. 
.\Itxn? investigators hnve oc~rasiorially olmrrctl noriisotropic 
flames, ~isually i n  t lie .form of polylictlral opcw flunics, iii 

wliich tho ortlinarilx smooth rotic breaks up into sewra l  
(usually t h e  to eight) petal-like sitlcs, ( ~ o ~ i v c s  toward t l i e  

ririhuriictl gas and sepurrrtctl by tlnrli ritlgcis. Thew pol!-tie- 
tlroris could be macle to I niciiti statiorinr!- or to rotiite nt 
variable speeds, depending oti ronipositinii nritl flow rii tr. 
Howwrr, the  appearnricr of s u ( ~ t i  flnnics \vas gcwcw11~- wri- 
sitlrrcd tin chiorma1 plttwe~nirrioii. Ttic L'P~ISOI~S n i r t l  cotitli- 
tioiis for sitc-h iiistabiliticbs rcwivcd little attiwtioti twfore tlie 
rccrrit stti(lic1s of (dlitltir or fileirnctitevl f1:iriic.s in  t i i l ) c ~  (rc.fs. 
49 t o  st) arid stutlitBs of polylic~tlriil ol)tw fliirnt.s ! d s .  ::1 : i n t i  

49 to 54) .  Sotiisotropic propugutiuti litis tilm h c v i  ol).;eri-rtl 
with splieriral flamtls i i v f .  x 1. 

CELL FORMATION AYI )  Y U K F . i ( ' E  R H E A L I ' P  O F  O P E \  FI. \>1ES 

Reftwticc 52 reports t t i t i t  wr>- I t l o t i  Ii~-dro,vc~ri-Iiir or 
FI?42-CY)2 flarncs hurtiitip on t i  1 .:(ri-c.c.titiniet(,r tiozzl(~ 
scptirattd into sevrrcil filnrnc~ii ts t l i i i t  row ftmii t 111,  ~ ) u r t i ~ ~  rim 
txnd  failcvl to c~oni1)iric~ i n t o  II i.losc~tl ( * o i i ( '  t i p .  Tlic. i i i i t n l ~ ~ ~ r  o f  
filnmcvtts iric*rt~asc~tl (or cwivcmc4!-, I J I ( .  sixcn of t l i ( ,  tiltinirrits 
tlecwnscvl) witti 02, PO1 tutio, i v i t l i  f i x ( - t  i n t i  ol ~ t o i i ~ t i i o r i i c ~ t r ~ i r .  

vol I I m t ~ - p c r t ~ ~  11 t f u cl (he t \v ti 0 .Os ti I i t1  0 . 2  13, ( I  c,pct I I ( I i t ig 0 1  i 

tlic n l ) s c ~ r i c ~ ~  or p r t w n c ~  of COl), t t i i i l  w i t l i  flow IX IV  (fig. 1% I .  
Thc itso of a :~.08-c.c.titinic,tcir glciss t i l t c ~  i i i t i t r w c l  gliiss) :is :I 

l ~ c i t ~ r i o r  cviiiId(d sni:ilIvr, t i i o r v  t.1v:ji.Iy c l i 4 r i ( v l .  p:iriit)oloi~l- 
> I  I:L INV I fi I:) I nci i t s to 1 J V  )I) 1 ii i I i I V  I ,  I I I 1.1 I i \ . t *  I I >  t ~ i ~ i ~ i  I I). e I i.: t 1. i I ) -  

t i t c c l  ~ v i ~  t t i v  fi1tc.r s ~ t r f : i ~ ~ .  So t ~ f r 1 ~ 8 t  of fil1t.r I)otvsit!- \\-cis 
o1)srrvc~l .  Soiiisotivpic. st rrivt itre, \\:is I I I W  ot)sc~rvcvI i n  Itwn 
i i i c ~ ~ l i c i i i ( ~ - ~ ) l i r s - l i j ~ ( l ~ ( ~ g c ~ i i  I l i init~.;  t i i i e l  i n  r i r l i  IliiriitBs of vtuioiis 
Iiyt1rocwl)oris. Tlir nitiiit1('r of not form:i t i o t i  i I t r i r t i ,  poly ti(.- 
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FIGURE 196.-Regions of polyhedral flames (shaded areas) of propane-air mixtures at reductad pressure. Split-flame burner (rcsf. 5 4 ) .  

sirely as n narrow strram n t  the  tip; whereas, with urctgleiie, 
it appcmecl in a lumirious region that siirrountled the cone 
uniformly, except for a (lark region at the  tip ant1 a cup- 
slinprtl region of incrvasetl luminosity rising from t he rim. 
Rich, pol~-lirtlral flunics of othcr hytlroc~arhons ( e .  g., hiitanc, 
Iirp t aiic) cdiibi trd i r i  t rmictlin tt. ht. havior ;.o~ypeti-ciiriclimeii t 
sliiftrtl tlie behavior of sonic of ttivsc toward t h c  heiizene 
tgpc. 

In refcrciicbe 5.1, regions of polylit.clral flumtls wcrr ninppetl 
on flow-ratc-pressurc diagrams for various rich propme- and 
t>iit:iiie-nir ~nixtrircs aritl 1r:~n hytlrogrn-air mistiirrs. .I 
typ i id  (li:igruni for LL propane-air rnixt iirc is sliowvri iii  iigrircb 
1%. -it constant prrssure and composition within the 
rvgioii for polylirtlrnl flnmcs, t tie r i r i m l w  of polylictlron sitlrs 
i r i c w : i s r c (  \ v i l l i  inrrcasiiig flow riitc. 17poii tlic ntltlitioii of 
1 L O  7 p c w r i i t  Iiytlrogrii, n l i i c * t i  by itscalf only exhibits iiista- 
1)ilitit.s i n  Iciiri mistures, to rich propane-air mixtures, the 
ovi~-nl l  erluiva1ciit.r ratios at, whicli polylirtlrnl flnmes 
o i - r i i r  \wro  rr~tliicetl, otlicr conditions bring fixed. .\tltliiig 
tiylrogeii to rirh carbon monoxitle-nir mistiirrs, wvhicnh ivould 
otltvrwisc rshibit no polyhedral flames u t  any composition, 
also prmlrtcw( polylitdral flames. 

Tlic most grnrrally accepted explanation of nonisotropic 
s ~ i ~ i i c ~ t i i r ~ ~  i i i  r ich opcn flamrs of hytlroc,arbons arid of soot 
forriuitiori )it tlic tip is thc prrfrrcntial tliffiision of tlir 
oxypii rriolwiil~s, which iirr 1igfitc.r tliari t tic f i i d  i i i o l ~ ~ ~ i i l ~ ~ s ,  

to t tic v ~ i ~ ~ ~ ~ y s ,  i\ iirrr t tic prnpig:ntioii is ftistcr. I n  Ic i i i i  

Iigiliyyii or tiytlropri-mct haric! fliinws, t l i c  Iiicil t ) tv*nti i ths  tlie 
liglttrr corii~)oiiciit arid tliffiisrs prc.ftwntinlly. Iri ritlicr 
(xw, it is t l ip  ciiffrision of t:ombiistiori products into t h e  
irrihiirticvl gas that s r t s  up tlic c~ontwrtrittion grntlicilts lrntl- 
iiig to this prcfcrcirtiu.l tliffiisiori. Somo investigators d so  

believe in  the iicccssity of t l i r  prcsriice of hytlrogcii (rd's. 52  
and 541, and Behrens (ref. 52) points to the role of tlierniiil 
diffusion in producing tlie observed soot filaments. Mark- 
stein (ref. 49) uses a different, attack-an acrotlynsniic* trrnt- 
mcilt into wliich lie incorporates t h  ussriniption that all 
transport plienomciia (*an be tlrscribetl to II first npprosi- 
mation by a linear relation bctwccri flame wlocitp u n t l  
rcc.iproonl radius of citrvatiirr of t l i r  flamr front. This 
ac.rotlyiinniic* trrtit nieiit irirlutlcs t l i t >  vffrr.t of gravity. I t  
npprnrs t h a t  tlic qiwstioii of tlifiiisiori l < i i i c b t i c . s  t iK:ii i ist  tirro- 
tlyiitiniic- iristiil)ility is yot i i i ~ r r s i ~ l w t l ,  
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si/.(+ :ilso o t )wr \ - (~ l  t l i n t  :I 90-pc~rr(~iit (*tirI)oii nioiiosiclc- 
10-ptycciit buttint, fuel, t)uriiiiig m a t i ,  g ~ w  t l w  suint' strirc'tur(' 
as butatic. Ttw rcl>ktion betwct>n flame structure antl vibrn- 
tory movement wit ti ricli methaiie-n-butane-a~-liitro~eli 
mixtures is presented in reference 51,  where, for a given 
equivalence ratio, average cell size was found to increase 
witti methane coiiccaiitrat ioii unti l  a noncellular structure 
was reached. Oscillatory combust ion is discussed in chapter 
VIII. 

SIGNIFICANCE OF FLABIE STABILIZATION IN JET-ENGINE 
COMBUSTION 

FIigIi-output combiistors requirr tlic stabilization of flame 
tit  velocities of several liiiiitlrcd f w t  pcr second. In the past 
decade, ramjet-engine performance has been boosted dra- 
matically a t  ever-increasing inlet-air velocities, but many of 
the gains were accomplished by cut-and-try methods. I n  
order to understand the interaction of flame and flow by 
u-liich flame stabilization is accomplished, i t  is helpful not' 
oiil>- to study small-scale ramjet-tJ-pe combust'ion chambers, 
but also to analyze open or confined flames on Bunsen-type 
bririiers. These burner experiments, wliicli allow more rigid 
control nnd separation of Dperutirig zariablcs, add to the 
basic underst anding of such factors as wall quencliitig and 
scy-ontltiry-air dilution. ?'lie esperimrntal results reviewed 
in this chapter, together with some of the major theoretical 
concepts emphasized in recent years, are summarized in the 
folloning paragraphs. 

For open flanics hririiirig above channels of simple geo- 
i n c t  ric shape, includiiig cylinclricd tubes containing asially 
mounted rods, hlowotr or flashback limits for various lengths 
of tlie cliaractrristic dimensiori of a givcn type of clianriel 
are corrchtrd by nit'mis of the criticd tIouiidary vclocity 
gradimt,  tliat is, thtl linear vclocity gradient w a r  thc flame- 
lioltliiip solid surft ivt  or ( l i e  strrtiin boiiridnrJ-. For vonfiiictl 
ilarnes s u p p o r t d  on flnnieliolclcm, tiic. statdizu tiori proctcss 
cicpriicIs on a recircwIution zone beliiritI the flamrhddcr; find, { 
siiic-c. t I i t 1  size of tlie rtvircrilutiori zciric~ is r t~latwl  to 11 r111i1.a~- ~ 

tv r i s t i r  tIimcvision of the t~:iinrtioic(c~r, tlir c.orit~t~ritr.:ition- ' 
w h i t y  limits arc' also rrlatcd to  f lnmc~holt lcr  diriic~risions. 
From experimental results in t h e  literature iaiicl from thco- I 
rttical c*onsitlrratioiis mcntionctl Iic~(~iiinftorj ~ it nppcars tliat ~ 

a quantity sucti as r7at.,bo/4-Ic iigaiiist a coricentratioii parani- 1 
rter inn?- corrrlote hlowoff-limit da ta ,  whwr d is t l ic  pro- 1 
jcctcd cirrn of the flameholder antl c is an exponent of tlie 1 
ortlvr of 'i. For grrcvitc'r gtvicwlit?-, a more direct fiiii(*tioii 
of ( l i t 1  rec.irculntioii-zoiir. sizr slioultl h iisc4 instead of ..t", 
11c.c.niist. obsta(-1t.s of tliffrrtwt slitipc~s arv known to prodrrc-r 
vort iws o f  tlilfvrcw( sizw. 

I t i ( ,  11s(' of t t i c i  vortcbx sizv i . u t I i ( b i .  t l i i i r i  t t i c .  ol)stac*lt six(, 
~ 

i i i t i>-  also c*cirrcv*t. f o r  t 4 ' w t s  t ) i r t t  owi i r  wlirii t l i v  sizv of tlic 1 

obst wlrs is no lorig:c*r snitill c*ompi ir td  wit t i  tlic clirrt sin.. 1 
Ai> t l i v  sizv of thv ol)staclv is i i i ( w t i s d ,  :i poiiit is r c d i c d  l i t ,  1 
w t i i d i  tlic vortvs size hgiris t o  clcc~roasc~; LIS the ohstnvle 1 
six(* upi)rourtivs t 1 1 t h  c l w t  sier, t t i c  vortcs may bc! corisitl~~rnl~ly 1 
sninII(.r t h i n  thv ohstwIo, a i i t I  r c ~ t I l i c ~ v I  stability m:iy rtwlt .  1 
I I i i i ~ ,  t h i >  I )rvvio(is c*sprcB*sioii appliibs onl!. for sindl stthilimrs 

i i i  111rv ( l i i c - t +  :is IOIIC 11s . I  ivfvr.; to ot)stwl(, tlirric~nsioris. 

I >  

I ,  
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The blowoff vrlocsitp of optw flnmrs iiicrrascls with approsi- 
mtitdJ- t l i c  squtirc' of t h e  al)wlutc initial niisturc tcmpcra- 
ture; the t~xuct espoticnt vnrics witli concentration and fuel 
type arid may be influcnct.d by sucli factors as wall tempera- 
ture and water vapor. The flashback velocity is even 
more temperature-clepentle~it, so that a decrease in relative 
stability range occiirs as trmprrnt ure is increased. The  
relative effect of temperaturc on critical boundary velocity 
gradients ma)- be prcdic.tetl by considering the  efferts of 
trmperaturr on flnnic vrlocity n t i t l  pciictration distance 
(wnll quenching aiitl;or secoiidnry-air dilution effect) on 
a thermal basis. Empirical correlations indicate that blow- 
off from flameholders may deprnd 011 R lower power of the 
initial mist we t rni 1) w:i t iirr : t h c p i  I X  III r t rr I ,'(!I' To1 .2 

corrclutrtl clntu.  for ii Ii~-tlrocwboti M c d .  At this point, 
it  might be noted that the effects of flameholdcr area, 
pressure, and temperature might be combined in a correlat- 
ing parameter such as UaI.,,/ACpTOm, where c and m may 
be of the order of 0.5 and 1.2, respectively. 

Liquid-vapor-air mixtures obtained by partial vaporizatioii 
of liquid fuels generally gave Bunsen-burner stability curves 
similar to those for gaseous systems. Blowoff limits can 
be inrreased appreciably by  heating the flameholder; blow- 
off and flashback velocities of burner flames are also incrcased 
by heating the burner rim. Therefore, a heated flnmelioltler, 
wr-hic-h might, i n  turn, be used to preheat fuel, woiiltl be 
advantageous in a high-speed engine. 

The effect of fuel type on flame velocity was discussed 
in chapter IV;  as might be t~speotrci, the blowoff and flash- 
buck velocity gradients are grcater for fuels ~ i t l i  high thine 
velocities. Disk-stabilized, rorifined flarncs twcanic less de- 
pendent on the disk diameter for fuels of higlirr fltmie 
velocity. Blowoff velocities of misrcl furls gcricrull?~ follow 
the relation of equation (17) hcrein. 

A d d 4  water vapor decrrases stability velocities;',' 5 prrcwit 
water i n  the primary air reduccd the blowoff velocities of 
butane flames by approximately 5 percent for lean mixtures 
and up to 30 percent for rich mixtures. Dtweming the 
diluent concentration in a combustihlc mixture grciutly in- 
creases blowoff and flashback velocitirs; for tsumple,  tiic, 
critical boundary velocity gradients for nic~tlittiic-o?t?-~tiIi 

mixtures are two to three orders of magnitude greatrr than 
those for methane-air mixtures. This indicates tiitit oxygen- 
enrichment of the inlet air is another method of obtainiiig 
very stable flames or pilot flames. 

Also reviewed in this chapter were certain instability 
phenomena observed in bench-scale equipment and, for the 
most part, with laminar flames. The breakup of open 
laminar flames into cells or polyhedral shapes is believed by 
some investigators to be a diffusion-kinetics procrss, while 
othrrs trrat i t  primarily as un aerodynamic instability. 

In final summary, most of thr exprrimwtal rrsuits for the 
stability of burner flames can be explaincd on tlic basis of 
the interaction between flame velocity arid flow velocity in 
terms of the critical boundary velocity gradient. For cori- 
fined flames, stabilization occurs through the recirculation 
zone behind a flameholder that  is bluff or noristrenmlined 
on its downstream end. All the gross features of this latter 

type of stabilization appear to be esplnined by an  assumption 
that the recirculatiori z011c' 1)clinrrs ns a volume of homo- 
geneous, second-order renction. 
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CHAPTER VI1 

DIFFUSION FLAMES 

By RICHARD S. BROKAW nnd ~ I E L V I N  GERSTEXX 

INTRODUCTION 

Tlir previous chapters consider coml>ustion occurrtiig in 
systems in which the fuel and air are homogeneousl>- dis- 
tributctl. Cliaptcr I1 discusses the prepamtion of such 
nii.iturtxs. If t l i r  mixirip ocriirs rapidly cornparcvl ]\-it ti tlie 
(~o1iih~isti011 reactions. or well diead of the flanir zone, burn- 
iiig may be considered solely in terms of homogeiirous 
processes. There are systems, however, in which mixing 
is slow compared with the reaction rates, so that the mixing 
time coritrols the burning rate. This is true for so-called 
tiiffusion flames, in whirh the fuel and osidant come togc.tlirr 
in  a reaction zone through molecular and turbulent tliffusion. 
Tlicb fuel niuy 1 x 3  in the form of a gasrous jet or a liquid 
surftict.. The distinctive chnracteristic of n diffusion flnmr 
is t l in t  tiit. burning rstc is determined by the ratr  ut wliicli 
tlie furl m i l  oxitlalit arc broupli t togcthc~ in proper propor- 
tions f o r  iwwtioii. Betwtmi the cstwnics in which t h e  cliem- 
ical reaction rate on the one hand and the mixing rate on 
the otlier control the burning rate, there is the region in 
ivli icli  tlir chemistry tint1 niixirig liave similar rntcs n r i t l  must 
be c~onsiclrred togrther. This middle rrgioii Iias recrivcd 
very little attention in fundamental studies Iwcausc of its 
coniplc~sity. but is considered in some of the practical s?-strms 
clistwwtl I I I  sul)scqiirnt chapters. 

SYMBOLS 

The followiiig syiibols arc used iri this chapter: 

constant 
const ant 
transfer number 
flame height 
height of plate 
concentration 
specific hcat nt coiistunt pressure 
diffusion coefficicn t 
distributiori const ail t 
diametrr 
function 
fuel-air rutio 
moss-flow nit(> per iiiiit area 
acrcleratiori t l i i r  to gravity, :3L'.17 f t  ' S C . ( * ~  

tieat -transfor c v c 4 € k i c r i  t 
sprc*ific tmtliulpy 
stoic4iiotrictric- ntiiidwr of n d v ~  of osyg t~ i  pcr iiiolo 

of fuel 
Bessc.1 functions of tlie first k ind  
const UII t 
rvnpnrtit i o i i  c m n u t n i i  t 

const ant 
I,agrangiaii scale of turbulence 
molecular weight 
mass 
absolute total prrssiire 
I'riirirltl ntinil)cr 
partial pressure 
universal gas constant 
Reynolds number 
radial distance 
t enipera ture 
half-thickricss of port 
time 
vrloci t y  

intensity of turbulence 
volume flow rate 
stoichiometric u-ciiplit of oxygen prr unit wigli t  of 

total mass flow 
mole fraction 
longitudinal distance 
distance from drop center 
coriceritratiori parameter 
eddy diffusivity 
drop distribution parameter 
thermal conduc-t ivi  t y 
sizr constant 
obsolu t r  viscosity 
timr parameter 
density 
voncrn trst ion parame t r r  

fuel 

Subswip ts : 
*-I 
a 
B 
C 

dr 
F 

C 

-f 
j 
L 
1 

I' 

S 1 
T 
tube 

0 

Y 

1, 

drop surface 
air 
burning 
surrounding ntniospliere 
combustion 
drop 
flame 
fuel 
jet 
lumiriar 
liquid 
iiiititil c * o i i t l i t  ioris 
prodiic-ts 

stoicliionietric 
t IlrhlIlc~ll t 
t r1l,c 

v ti p r i m  t ion 

StToIltlury flow 
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IC' (d  1 l e )  l b l  

Top views 

FIGCRE 197.-Vnrious coiifigrirations used to obtain gaseous diffusion flames (ref. 1 ) .  

GASEOUS DIFFUSION FLAMES 

Gnsrous diffusion flames occur upon ignition of s jet of fuel 
mtering either quiescent air or an airstream. The result'ing 
flnmr emits heat and light and appears to have a discrete 
reaction zoiic, the appearance of \d-hich cleprntls on the con- 
(litions of biirning, Gaseous diffusion flames are most com- 
nioiiI?- oii(*oiui ttlrtd i n  siniplt. Iiomcl and industrial biirwrs 
but ma\- esist in  any system where fuel and air are admitttvl 
separtttrly and lvliere the mising processes are slow compared 
witti cht.mira1 rwrtiori rates. Typical ways in which the 
f w l  a i d  ositltlrit tire cnusccl to interact are stiown i n  figure 
1 0 i  (rtaf. 1 ,  p. 99). \lost of t l i v  basic work on diffusion 
flanies has been done with t he  concentric-tube arrangement 
(197(c)), since i t  has the simplest geometrv. Arrangement 
(a) has btwi used for some spwtroscopic studies of flames, 
wliicli art' discussed herein. 

APPEARANCE 

T l i t h  shnpe of a ltlniiriar flame burning from a jet of fuel de- 
pt.iitls on tlic rrlntive quantity of air supplied. If excess 
air is prosent, the flame is a closed, elongatrcl figure. Such 
flimw ovvur u - l i c r i  n jet of fuel is atlniitted into a large volume 
of  rluicwc-rit air or w t i r ~ i i  tbvo laminar coaxial jets arc usctl, 
the i n n t k r  c*oiitaiiiing fucl and tlic outer contairiirig an (~s("s  
of air. If t l i c  sir  suppl?- i n  t l i c  outc'r tulx is retluc-cd b c l o ~  
t l iv  stoichiolnc.tric proportions, a faIi-slIapt4, untlcrveiiti- 
lttted flame is protluccri. 

Zone Flame 
I Normol overvenlilated 
2 Normoi undcrventilaled 
3 Menlsck-shaped 
4 Oscillating rich tilted 
5 Toroidal, ieon, iilted 
6 Lifted 

100- 

Ex t i  ncti on 

I 
10 100 1000 IO 

Airflow, ml/sec 
00 

FIGURE 198.-F!ame zones for gaseous diffusion flatlieu (ref. 2; 1'. 766). 
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FIGCRE 199.-Progressive chnnge i n  flame type with increwe in nozzle velocity (ref. 4) 

Under certain limiting flow conditions, the flame can 
assume a more complex structure. Flame shapes obtained 
in concentric-tube hydrocarbon diffusion flames (fig. 197(c)) 
for various fuel flows and airflows are classified in reference 2. 
These flame zones are illustrated in figure 198. Zone 1 
indicates a normal. over-ventilated diffusion flamr, and 
zone 2 indicates th r  underventilated flame. T h r  dashed 
line separating zones 1 and 2 denotes the smoke point, 
smoke appearing as the fuel flow is increased (see ch. IS). 
Zone 3 illustrates overvrntilated flames having a meniscus 
shape witt2out the yellow glow usually associated with 
diffusion flames. The shaded areas are essentially zones of 
unstable flames. In  the lower part of zone 4 there appear 
flames that oscillate from side to side, called lambent flames 
in reference 2; and in the upper part of zone 4 rich, tilted 
flames appear. In  the lower part of zone 5 are found 
toroidal-shaped flames, called vortex flames; and in the 
upper part of zone 5 are lean, tilted flames. The  flame in 
zone 6 has begun to move away from the burner base and 
corresponds to the lifted flames discussed in chapter VI. 

If eithvr the fuel flow or the airflow is made turbulcut, a 
brushy, rougli flame results. At flows r i w r  the criticd tran- 
sition from laminar to turbulent, only the upper portion of 
the flame is turbulent, the flame near the burnrr port retain- 
ing the appearance of a laminar flame. Typical changes in 
the appearance of a gaseous diffusion flame as the fuel-flow 
velocity is increased are shown in figure 199. The line sep- 
arating the laminar portion of the flame from the turbdent  

209 

portion is called the break point. W11en the break point 
closely approaches the nozzle, further increases in velocity 
have very little effect on either the total flame height 
(measured from the burrier port) or the break point, although 
the noise intensity increases. The quantitative wriatiou 
of flame height wittr How velocitJ- is treated iir  n srthstqueiit 
sec tlon. 

S T R U C T U R E  

Unlike the flnme of primixctl pnsc.. W I I W I I  1111s a w r y  
narrow reaction 20113, thc  tliffusioti f l m i e  lius a wide region 
over which the composition of thr pas charigrs These 

8 16 2 4  3 2  4 0  
Height obove port, in 

FIGURE 000.-Concentrations of carbon monoxide, nitrogen, and 
carbon dioxide on axis of cylindrical carbon monoxide flanm 
(by permission from ref. 3).  
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FIGL R E  201 -Cornposition of hydrogen dlHuslon flame. 

changes are priricipnlly duct to t h e  inturdiffusion of reactants 
and products, since the actual reaction apparently takes 
place rapidly in a narrow zone. The diffusion flame is thus 
better suited for studies of the temperatures and concentra- 
tion profiles. Some of the results obtained for both laminar 
ant1 turbulent flames are discussed herein. 

Laminar flames.-In reference 3, the distribution of 
combustion products in a laminar diffusion flame was 
measured. A probe WBS placed along the axis of the burner, 
and gas samples a t  various heights were removed. The 
measurements for a cylindrical carbon monoxide flame are 
shotvii i r i  figure 200, i t i  which thc carbon monoxide, c~arbori 
clioxitlih, tirid iiitrogvti c.oiiccritratiolis arc shown iis a f r i t i c t  ion 
of height abow tlw port. 

Kvfcwrice 4 reports measurements of tiyclrogcri, oxygi~ti, 
aJitl tiitrogeri coricwitratioris in  a hydrogcw-clir tlifrusion 
flame a t  various heights and radial distances in tlic flame. 
The results are shown in figure 201. The measurable 0, 
corircritratiori shown in tht1 fuel side of the flame front is 

attributecl to air entering thc snmpling tube because of 
f l n n i i ~  nio\-c.nic.rit TIIC striirtrir.cl of t l l c .  tliffrrsio~~ flemc~ 
suggcstetl from the t i i i id>  sis is illiist i'ti tcd I I I  f i g u r ' c b  202. \vhit.Ii 

may be considered generally typirol for laminar giiworlr 
diffnsion flames. The figure shows the fuel-gas conceritra- 
tiori a t  tlir burrier centerli~ie droppirig to  zero st t l i c  flame 
front, while the O2 rises from zero a t  tlie flamca front to its 
value in tlic ambient stream. The coiIceritriitioo of product3 
is a maximum at the flame front. TIic osygrri u r d  f u c l  nrc' 
corisideretl to rearh the flumc froiit iii stoidiiotnctric pro- 
portions and to react to form products iristaiitanrorisly. 
In most theoretical treatments, a simplified pieturt. of the 
reaction is assumed in which only one diffusing gas is coli- 
sidered. Instead of treating both fuel and oxggrri varying 
from their initial conceritratioris to z ~ r o  at  t l w  finmc. frotit, 
the fuel, for example, is treated as negative oxygen. III 
the reaction 2H2+O242H20, each mole of hydrogen is 
equivalent to mole of oxygen. One of the dashed curves 
in figure 202 represents the reflected fuel curve corrected 
for t h e  stoichiometric ratio. Thus, it  is possible to con- 
sider only the diffusion of oxygrn from its initial coricrntra- 
tiori through zero a t  the flame front to the proper negative 
valrie in the unburned fuel. In a similar manner, the other 
dashed curve illustrates the condition in which the oxygen 
is considered in terms of its fuel equivalent. 

Ttie actual flame is not as simplr as thr previous discussion 
may suggest, sirice, in addition to the moleriilar spc,ries 
that  have been studied by roriventional sampling arid gas 

I I I 
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FIOCRE 202.-Simplificd dia~rain of concentration profiles in typical 
laminar diffusion flaine (ref. 4) .  
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(h) Distribution of OH, 02, CH, C,, and soot in cH1-0~ flame. 
FICYRE 203.--Temperature profiles and distributions of various 

species in flat diffusion flames (ref..5). 

analysis, free atoms arid rnditds are present. .i flat flame 
in an  apparatrls similar to that shown in figure 19?(a) was 
used in rc,fcrrnce 5 ,  in w1iic.h the tlistributiorl of various 
spwies in the flame was studied by a spectroscopic method. 
In  addition, a sodium line reversal method was employed to 
measure flame temperaturr. The results are given for a 
€12-02 flame iii figure 30:<(a). The temperature profile is 
-howri, i n  utltlition to a qiinlitative intensity distribution for 
OH and O2 as determined by both emission and absorption 
spevtroscopy. The relatively flat temperature profile has a 
maximum of about 2800' C ,  which agrees closely with cal- 
cwlated adiabatic flame temperatures for the stoichiometric 
reaction. A similar set of curves for CH,-O, flames is shown 
i n  figure 203(b). In addition to OH arid 02, the C2, CH, antl 
continuoiis emission are shown. Similar curves are shown 
for NH3-02 flames in reference 5, while additional curves 
for H2-02 and SH,-O, along with C,H,-O, and (20-0, are 
given in refermcc 6. Ttie gerirrnl c~haractrristic*s nrc similar. 

Turbulent flame? -Thc distribution of reactants and 
products in a turbulent diffusion flame of hydrogen arid air 
is studied i n  rcfcrrncc 7 .  The situation is somcwhnt Inore 
tv>mplcbx than i n  the lamiriar flame. Unforturlatc.ly, the 
results are influenced by  the confining duct, so that the 
curves can be applied only qualitatively to open flames. 
The data are shown in figure 204 for various heights and 
ratliul positioiis. Tlie 0, u r d  H, t'oriceritratior~s w ( w  mcas- 

r r l c t l .  while tlic H20 coriccn(rntioi~ wis t * u l ~ ~ ~ i l i i t t ~ c l .  Tl~tb 
geiieral appcurmcc Gf  tlic H2 n ~ l  0, c~irves ~ ~ w r n t ) l c s  t till t 
of a laminar flame, altliougli there is consitlerably more 
overlapping of the H2 and O2 in the vicinity of the flame 
front. This result is consistent, however, with the oscillntii~g 
nature of the turbulent flame, which results in tlie apparent 
thickening of the reaction zone \\-tien a time-average, rattier 
than an instantaneous, position is consitlrred. 

Disiance fr_om-norzle, cm 
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FIGURE 204.-Concentration profiles in hydrogen-air flame. Nozzle 
diameter, s/ ;s  inch; no primary air; flow velocity, 162 feet per 
second (ref. 7).  
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THEORY 

The tlicorics of the burning of premised fuel-oxidant 
systems discussed in chapters IV and V consist essentially 
in analyses of the factors such as diffusion, heat transfer, 
and reaction mcclianisms as they affect the rate of the hom- 
ogeneous react ion taking place. "Homogeneous" is used in 
tht3 sense that fuel and oxidant molecules are intimately 
mixed in the urtburried gas, although concentration and tem- 
perature gradients exist in the reaction zone. Because 
ttie primary niising process of fuel and oxidant appears to 
dominate the burning process in diffusion flames, the theories 
emphasize ttie rates of mixing in deriving the characteristics 
of diffusion flames. Since laminar and turbulent mixing 
processes tire usually trcutcd differently, the theories of 
laminar and turbulent diffusioii fiames are also separated in 
the following discussion. Only those mixing processes direct- 
ly involved in setting up the equations for the flame are 
considered, since the general subject of mixing is treated in 
chapter 11. 

Laminar flames.-The basic equations for the theoretical 
treatment of laminar, gaseous diffusion flames to determine 
flame length and other properties were established by Burke 
and Scliuniariii in 1923 (ref. 3) .  Later work has extended 
the range of the .treatment. Burke and Scliumann used an 
experimental model corresponding to figure 197 (c), which 
IS redrawn in sketch (r) to aid in deSning some of the terms: 

Underventdo led- 
flame 

Over ventilated 
flame 

A i r  Fuel A i r  

Sketch (rJ 

The basic assumptions that Burke and Schumann made in 
setting up the problem are listed and discussed to facilitate 
reference to them. Additional assumptions to facilitate 
solutions of various equations are considered as they arise. 

(1) At  the port position, the velocities of the air and the 
fuel are assumed constant, equal, and uniform across their 
respective tubes, so that t1w molar ratio of fuel flow to air- 
flow is given by T; / (T ; - -T ; ) .  

(2) The veloc-ity of tlie fuel ant1 air up the tube in the 
region of ttie flame is the same as the velocity a t  the port. 
That  this is not actually true has been shown for premixed 
V-flames in chapter IV. 

(3) The coefficient of interdiffusion of the two gas streams 
is constant. Since diffusion coefficient increases with tem- 

pwatrire, as does the pas vrlocity assumed voristant in (2\ ,  
Burke mid Scliurnmin suggwt that t h c v  two effwts  ma^ 
minimize the errors intror1urt.d by tlie assumptions. 
(4) The interdiffusion of the two gas streams is entirely 

radial. This is a reasonable assumption for tall flames. 
( 5 )  The mixing of tlie two streams oc(wrs by diffusion 

only. In  other words, recirculation eddies and radial flow 
components are assumed absent. 

(6) The flame front is a geometric surface where fuel and 
oxygen meet in stoichiometric proportiotis arid react to give 
reaction products. 

I n  the 
reaction Fuel+iO,+Products, each mole of fuel is equivalent 
to i moles of oxygen. The oxygen conrentration f& may 
theii be replaced b y  its stoic4iionictric~ uquivnlcbnt in terms of 
fuel Vo2/i, which is the number of moles of fuel that  would be 
completely burned by To, moles of oxygen. Since zero 
concentration of reactants a t  the flame front is desirable, the 
oxygen is treated as negative fuel so that the fuel concentra- 
tion ranges from i ts  value in the unreacted jet (8, to the 
equivalent value of oxygen in the urireactcd air '&/i. This 
is shown in figure 202 by reflecting the oxygen-concentration 
curve in tlie horizontal axis and plotting ~/;d?/i, where i = l i  
for the stoichiometric H,-0, flame. Burke and Schunmrin 
consider the concentration in terms of partial pressures, 
which are proportional to the molal coiicwtrations discussed. 

(8) The tube containing the fuel flow lias a negligible 
thickness. 

These assumptions reduce the problem to one of diffusion 
of a single gas having a certain initial distribution and sub- 
ject to certain boundary conditions. In  cyltndrical coordi- 
nates, Fick's law of diffusion gives the equation describing 
the concentration as a function of time and coordinates: 

(7) The oxygen is considered tlie negative fuel. 

From tlssuniptions (1) and (3), f can be replaced by vertical 
distance, since 

r t=r'; 
I 

and tliere results 

which now contains the height arid radius. The bountlary 
conditions can be stated on the basis of the burner port a t  
z=O. At this point, 
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The half-thickness of t tic port 
small. Also, 

is assumed iic$igil)ly 

The solution of equation ( 3 )  witti the boundary conditions 
(4) and ( 5 )  is 

Dl i i  

where 
k constant that assumes all positive roots of the equation 

J, (kr,) = O  
J' p / -  (Po, 'i) 

For further discussion of the solution of equation (3),  see 
reference 8. General methods of solution of equations of 
this type are discussed in reference 9. 

The equation for the flame front is obtained by setting 
p=O at r=rF,  so that equation (6) becomes a t  the flame 
front 

The  shape of the flame front can be obtained by plotting the 
values of rF and x that  satisfy equation (7) .  The height of 
the flame b p  is given by the value of x when rF=o for an 
overventilated flame and rF=rJ for an underventilated 
flame. The results of a typical calculation tire illiistratrtl i n  

figure 205 for an overventilated antl an \iridt.rvc.ntilated 
flame for which it was assumed r j =  ' 6  inch, rs= 1 irich, D= 
0.0763 square inch per second. and r7,=0 610 inch pcr second, 
w-hich correspond to a fuel flow of 1 cubic. foot per hour. 
The calculated shapes agrre well with the  ohserved flame 
sliaptx A similar treatmetit was used (ref. :<) to calculate 
the flttme shape for a flat diffusion flame on a burner re- 
sembling that of figure 197(a). 

' rh  properties of diffusion flumcls are HISO c&iilatetl iri 
ref(wiic~. 8. i n  which thr anal> sis was beguii wi th  q i ia t ion  
(1  ) antl essentially the same assumptioris excr.pt ussumptioii 
(1) wwe used. The fuel and air velocitics w r r  not rrquiretl 
to be equal, although it was required that thr air velocity 
be constant over the annulus and thc fuel vrlority ovw the 
inner tube, and that no momentum traiisfc.r o w u r  during 
diffusion (assumption (2) ) .  Solution of the equation of 
rrferrnce 8 gives 

0121 Dh 2+ 

1 Jl(krj)Jo(krF) e -  7 iL:, - F - r z 2 - -  r ,  ' il', ri +- c [Jo(kr,)l' POJ'" e 2r,  p o 2 [ * e  2 

(81 

C'omparison of equations (7)  arid (8) shows t lw  similarity. 
The principal cliffererice is the aclclition of two tcrms coli- 
taining the ratio Uj/U3,  which was assumed equal to 1 by 
Burke and Schumanri. 

Thtl analvsis was also hvguri with equation ( I  ) i r i  rc*f~~r.c~riw 

_ - _ _ - _ _ _  

FIGVRE 205.--Calculated flame shepe using equation (6)  for under- 
ventilated arid overventilated flame (by perniisnioti froni ref. 3) .  

4,  in which the characteristics of the flame burning on a jet  
of fuel dischargiiig int,o still air were computtd. Essrutially 
the same assumptioris as those of refereiic-c. :% wwe used, 
except assumpt,ions (1) and ( 2 1 ~  wtiic-li iio 1oiigc.r t~pply. 
Unlike the assumption of reference :<, i r i  which t tit2 os?-@i 
is considered negative fuel, the analogous positioii that fuel 
is negative oxygen is taken in reference 4. T h t l  oxygen- 
coiiceritration (wrw woultl then follow t,he dashed l i w  i n  
figure 'LO2 on the fuel side of the  Hame front, wherr t t i r .  fuel 
conceiitratiou is replaced by -iip,. The oxygen partial pres- 
sure varies in an air flame from 0.21 t,o - i p p  The solut,iori 
of reference 4 was obtained in terms of a generalizrd dimen- 
sionless concentration 'em, defined as 

(9) 

arid tt cliniensiorilrss time paranictrr 
tion 

tlefiurd by the q u a -  

The solution of equation (7 )  is (ref, 4)  



REPORT 130o--NATIONAL -4DVISORY COMMITTEE FOR AERONAUTICS 

If the  volume flow rate I-,, is introduced, wtiere 

t t r t w  rcwllts 
rl ’ ,r lZ 

r -  

In  equation (15), the value of t is yet undetermined. A form 
based on dimensional analysis and esperimental data was 
ustd in reference 4. 

In referent-e 10, t was treated somewhat differently. 
Equation (15) was simplified to (see ref. 1) 

and t was replaced by b p / l T q  ,, which assumes that tlie port 
vclocity rmiauis unchanged to the flame tip. The flame 
height is then given by 

which is in  ngre.mient with the result of refercnce 3.  
While tlic Itimiiiar tliffusioii flame ttirorit3s discussed iri th(’ 

previous paragraphs roiisidcr ttir general diararteristics of 
the flame, they do not consider the dtltnilrtl pheriorneiia 
oc-cwrrinp in t h e  Htimc rcgiori. Tlrtw t hcwritxs considtbr t l i o  

flnnie as a diswntinuity, wtiilv i n  thtl :wtrial (’tist’ the f l u r r i t ~  
tias a thickness that d ~ p ( ~ i i ( l s  o i l  t lit. rthtivt’ rt1tt.s of chtlniic*d 
reaction and niisinp. Ttic t l c t u i l s  of flumc strwt’ure  art’ (’on- 
sidered i n  rrfcreiicv. 11, in  u- t i ic* t i  tin Arrheniua typv of 
reac*tion-rste expression is iistd. A t  rrmote points from tlie 
reaction zori~ ,  the w r w s  of t*oncwit rstiori and temperature 
are not appreciably a l t c r t ~ c l .  but  t h t i  sliurp break ~ S S U I I I N I  
the cnrlier theories at thta instaritantwis reaction zone h r -  
comes a rounrlecl ( v v e  for a fiiiitc reaction time: 

Reoction 
- lnstontoneous 

Finite --- - lnstontoneous 
Finite --- 

Sketch (s) 

Under the usual condition of tnirriing in a laminar diff usioii 
flnriir, t l i v  simplified flame tliagrsm used by Burke and Srhu- 
mini1 nut1 otliors is uclrqiititc. If 1 1 1 ~  floir cotitlitions nrv 
nltc.rcd so t t i u t  t t w  fltirrie zotrc 1x~co111t~s thin c-ompartd with 
its length, the diffusion processes map be sufficiently rapid 
that the c-hrmicnl reaction rate becomes important, ant1 t l i v  
more coniplicnted treatmerit of reference 11 is necessary. 
Sucli may \wll tw tht .  case near t l ic .  estiiictioii limits. Eqrin- 
trori (8) niaJ- be usctl for cdciilating the dimensions and ( ~ 1 -  

ceiitratioii gradients in  R diffusion flame, while the simplcsr- 
tquntiori (17) is useful for estininting rclntivr flame Iit+i+ts. 

Turbulent flames.-The theoretical trcatnieiit of turbu- 
lent diffusion flames is less advariced than that of laminar dlf- 
fusion flames txvaiise of the murh more coniplicated misiiig 
p r o w ~ s  i n \  o l v t d  T1ic.w trave. lwcn essentially two ap- 
proaches to the problem: The first uses the iumiiiar tliffusioii 
flanie equations but replaces tlie molecular diffusion co- 
efficient by an  eddy diffusivity, and the second uses equations 
based on the mixing of turbulent jets and derives a new set of 
equations. Since the first treatmciit follows directly from 
the previous discussions, it is tliscussetl first. 

The eddy diffusivity c that will replace tlie moleculnr 
diffrision coefficient is given by 

For fully tlevelopetl turbuletit flow inside the burner t u h .  
pia, is proportional to the tube diameter, and the intensity 
of tiirbulenre is approsimately proportioiial to the meail 
flow vclority at the asis, so that 

ea 1 (19) 

can now be iiisrrted into equation (IT), for example, to gin. 

120) 

Substituting iTfl from equatioii (14), t h e  results 

which irit1icutc.s that b F , 4 r ,  is rirarlv constant in tlie turbu- 
lent rcgiori. h similar result is shown in referenre 12 for 
flat flames (fig. 107(a)). 

In reference 7 ,  tlic diffusion flarnc is described 11)- usc of 
the cold-jrt mising p roc~w.  ‘l‘lio details of this niisitig 
process are discussed 111 c-huptc,r TI In this section, only 
the application of tiirbiileiit mixing to diffusion flamcs 15 

c~onsidrred. ‘I‘liervforc, orily t l i t  distance required to pro- 
d w e  a stoichiometric mist urc IS of ~ ~ o n ( w n  here. for, tis i i i  

t ti(> Itiniinjir tlttnw. this cquic.otic.cwt rtitiori srirfaw is i m i -  

sitlored to tw t tic. flanir front For siniplc turbulent iiiiy- 

iirg, t l i r  axinl clistanrr at w h i c 4 i  u givrri conwntrntioir 
is reached ( e .  g., stoicliionitbtric*) is found to depend oul> 
on diameter and not on velocity. Thus, b , . / r ,  would 
be a constant, in agreement with the results obtained 
prrviously. A ronsitlvration of tlir actual mixing process 
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in tlie presence of buoyancy due to density differences and 
in the presence of ct:emical reaction is quite complex. The 
problem is trcated i n  rc'fcreiicr 7 ,  i n  wliirti the following 
tqiijition is ohtaitic~cl: 

where 

nnd .=[ ('6 ~~ ; + '6 a)  f f v*. I \ 
'6'p 

As with the previous treatments, thc ratio bF, = / r ,  depends 
only on the  stoichionirtry and thermodynamics of the sys- 
tem and is indcpcnclent' of velocity ant1 diameter. Although 
obtained by a less rigorous treatment than the equations for 
laminar diffusion flames, equation (22) reflects the same type 
of controlling process and is one of the most readily used 
equations for predicting the relative flame height,s of turbu- 
lent gaseous diffusion flames. 

EFFECT OF VARIABLES ON FLAME HEIGHT 

Laminar flames.-Wit ttin the region tlrsignatetl normal 
flames (zones 1 and 2 of fig. 198), the flame height varies 
lvit,li changes in fuel flow. For a givcn fuel flow, ttie shorter 
flunit. iritlicatcxs a greater burning rate per iinit volume of 
space than ttie higher flame, so that flame height is often 
used in  diffusion flames as a measure of burning rate. A 
stud>- was mattc of t lw effect, of mrious factors that ran 
influence t t i t b  flanw twigtit of diffusion flames cotitainitig 
some prrniisetl primary air (ref. 13). The a p p s r a h s  was 
essentially that of figure 197(c),  except that thc secondary 
air was supplicd by natural rather t,han forced convection. 
Tlie rffrcts of port' vclocity, port diameter, antl ratio of 
primary air to gas on the flame hc1ight were invcstigatrd. 
Kliile a discussion of ttie addition of primary air overltips 
previous discussions (ctis. IV and V), it should br recalled 
t h a t  e w n  so-cdlrd premixed flames with primary gases 
ric1it.r i n  fricl t h i i i i  stoic'hioinc.tric htivc a i l  o1rtc.r flanit, z o n ~  
that  is a tliffiision flnmrb. R(lfcr(w-(> 13 foutitl that t l t l l r w  

hthight iticreastd with iricreasirig port' tliametcr and primary 
gas rclocity; the results for Cambridge city gas are repre- 
scntcd by the equation 

wht~rc Kl ,  KL, arid K3 are corist'arits that depend on the ratio 
of primary air to  gas. T h e  quantity of secondary gas sup- 
plied to the flame tiad little effect on the flame height, pro- 
v i t l d  t tiwe was srificient secondary air for combustion of 
1.)  pwvtwt of t t r e  fuel (ref. 1 3 ) .  

'I'tici results of G a u i i c ~ ~  clrwtcd i n  rc~f(w~ric.e 4 for ( 'aml,ricIgo 
c.ity-gas flames with no primary air, tirlrning on a 0.125-inch 
port, art' shown i n  figrlrt> 206. Rt . f t~rc~ i i r t~  4 foriiitl that t h t b  

data of rt~f(~rt~iicw l:j, t l i c  Iamitiar portioii of thc (lata of 
Gaimce for Cambridge city gas, antl t'he data of rcfcrcric*e 
4 for cvdmri monoxitle could be empirically (*orrelated, 
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FIGURE 206.-ERect of nozzle velocity on flame height of city-gas 
Molecular weight, 19.7; no primary air; air requirement, flames. 

approximately 4.5;  nozzle diameter, !/s inch (ref. 4 ) .  

using only two empirical constants depending on fuel type 
arid air-gas ratio. The equation is 

values of K, arid K~ used are given in tlic fol1owi;ig 
table, ant1 the effectiveness of the corrrlation is sliosvn i n  
figure 207, where straight lines are obtained when log LvJIZf  
is plotted against flame height: 

Flome helghl, +, In 

FIOVRE 207 --Correlation of data on height of diffusion flames (ref. 4) .  
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For tlic calculation of Zl, it was assumed that ( ~ / % ~ ) 8 , = 2 . 3 8  
for rarbon monoxide a i d  from 4.3 to 4.8 for city gas, depend- 
itig on tlic composition. Equatioii ( 1 7 ) ~  drrivetl tht~orrti- 
cltllj-. shows that 6 ,  should incrensr as I ‘ ,  and the product 
I-,&. increase, but fails to show the logarithmic form that 
is found empirically to fit the experimental data. 

Data  similar to those of reference 4 for city gas were ob- 
tained in reference 10 for a mixture of 50 perrent, city gas 
arid 50 percent air by volume and for butane. The laminar 
portions of the flame-height curves for 100 percent city gas 
fit the rmpirical equatioii 

where ITft is in cubic centimeters per second and b,, is in 
centimeters. Diameter does not appear in this equation, 
since flame height was independent of port diameter at the 
low flows necessary for laminar flow. Actually, the experi- 
mental curves do show a slight effect of tube diameter. A 
larger diameter effect is found when a mixture of 50 percent 
city gas and 50 percent air is used. These data fit the empir- 
ical equat ion 

where LT is in centimeters per second. It was found (ref. 10) 
that  100 percent butane and butane-primary-air flames 
follow a very simpltx relation with flow rate for tubes: 

where .U, is the mole fraction of fuel in the jet. The data 
a r e  shown in figure 208 for a 0.4-inch-diameter port. The 
empirical coeffic-icnt tlerreases slightly for large changes in  
port diameter: 

0. 180 10 .4  I 

Since the empirical equations of reference 10 bear little 
resemblance to equation (IT), it  is suggested therein that 
the assumptions of constant D and constant U, map be in 
error. Since D changes more rapidly than TI,, the total 
change may be rrpryseritrd by a changr in  D alone, which 
rvsults in  

‘ombiiiing all ttie rfferts yiclltls t lit. following form of t h  
theoretical equation: 

whic4i has the same form as equation (25 ) .  In  general, the 
measurements and correlations that have been presented 
were determined for flames that rangrd initially from 4 to 
6 inchrs up to about 25 inches. 

6oL 

FIGURE 208.-Heights of butane-air flsrnes in free air. Burner-tube 
inside diarneter, 0.4 inch (ref. 10). Reynolds number. 2300. 

Reference S presrnts some nwttsuremrnts of flames froni 
0.2 to about 1.5 inches in length. The effect of fuel velocity 
on flame height is shown in figure 209(a). In  the region of 
low fuel velocities the flame heights are independent of the 
air velocity, in agreement with the data of reference 13 ;  
but at higher fuel velocities the points for the lower air- 
flows of 0.9 and 1.74 inches per second rise above the other 
data. The lines in the figure were calculated from equation 
(S), and reasonably good agreement is obtained for the 
higher air velocities. The  proper trend in flame height is 
predicted for tho airflows of 0.9 and 1.74 inches per second, 
but the theory predicts a greater separation of the 3.45- 
and 5.13-inch-per-second data than was found experimen- 
tally. Equation (8) contains the parameters b P L / U ,  and 
Vj/[r,, which suggests that  these quantities may be useful 
111 corrrlating thr exprrinicrital data. ‘I’he first of t h c w  
tias the dimmsiori time, while the secoritl is proportiorid 
to the fuel-air ratio. h plot of b,,/U, against fuel-air ratio is 
shown in figure 209(bj along with the line ohtained thcoret- 
ically from equation (8). Reasonably good rorrrlat ion 
and agreement with theory are obtained. 
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Fuel velocity, L+# in./sec 
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(a) Effect. 

(b) Correlation. 

FIGURE 209.-Effect of fuel and air velocity on flanie height (ref. 8) 

The change in flame height with flow velocity and tube 
diameter represents the principal studies on laminar diffusion 
flames. Only a little work has been done on the effect of 
pressure on flame height. I t  was foutid in reference 8 that 
pressure changes of 10 to 1 atmospheres had practically no 
effert on flame height. The theory (eq. (8)) predicts that 
flame height should be independent of pressure. Reference 
3 also found flame height to he insensitive to temperature 
and pressure. Theoretically, this indeperidence of flame 
height results from the fact that pressure arid temperature 
affect the flow velocity and diffusion coefficient in opposite 
directions, thus canceling their effects. 

The rather simple form of equation (24) and its success 
in correlating the data for different systems make it appear 
the most useful for calculating laminar flame heights where 
the empirical constants are known. The difficulty of apply- 
ing the theoretical equations and the uncertainty of some of 
the assumptions limit their use in predicting absolute flame 
heights. 

Turbulent flames.-Figure 206 shows that, a t  ccrtain 
critical flows, the tip of the flame bcc*omes turhulcnt and the 
turLulent portion increases with increasing flow rate. The 
break points of city gas, hydrogen, and propane flames were 
measured in reference 7.  The total flame heights, wliidi are 
relatively constant, were also measured and are shown along 
with the break points in figtire 210. It is evident that both 
the total flame heights and break-point heights arc relatively 

insensitive to flow rate in the fully developed turbulent 
flame, which agrees with equation (22). ' rhr break points 
for two gases of differing diffusion coefficiclrts 11rv shov n ill 

figure 211, where the ratio of break-point hciglit to port 
diameter is plotted against the product of diffusion coefficient 
and flow velocity. Again, there is IL drop in break-point 
height with flow velocity until a critical velocity occurs, 
after whicli there is little change. Break points for un- 
ignited and ignited ethene systems were studied in reference 
14, which revealed that the break point was higher for the 
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(a) City gas; molncirlnr weight, 10.2; :,-inch nozzle. 
/ 

(b) Hydrosen; iiioleciilar weight, 2; !;-inch nozzle; (Vm/V,),, 0 .  
('&/'6;), ,, 2.38. 

(c) Propane; i i i ihcdar weight, 43.2; l/a-iiich iiozzle; ('&,"6;),, 0; 
('&'6i),t, 2.33. 

FIGURE 2 IO.-Visible flame-height characteristics. Unconfined 
flames; rounded nozzles (ref. 7) .  
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FI~:I .RE 21 I.-Break-point heiKhts for hydrogen and city gas (molecu- 
lar weight, 19.7) Aames (nonpreniixed) (ref. 7 ) .  

igiiitrcl stream. The flow-vclocit- range can be iricreasd 
somrwhat I)? the use of a pilot, and reference 1 shows that 
( t i ( .  flunit. lic~ight iiic.rc~usc~s sornowhnt with flow velocity 
r i ~ i c l t ~  t t i ( w  e~oiiditions; an iiicrrasrb of How vclority from 200 
to 1200 f w t  p w  second causrs about a 5-iiich i~i(’reuse in 
Aumc licight iii the prcserice of IL pilot. 

Flunit. lwights of 100 percclit city-gns flamrs (fig. 212(a)) 
untl 30 ptweut city g~s-50  pcwwt alr flamw (fig. 212(t))) 
in t tic t u r h r ~ l r ~ i t  regime were measured in reference 10. 
1 t i ( ,  c l i i t u  tire rcyrcwiitccl approsinlatdy h v  r .  

( 3 0 )  

(a) (‘ity-gas coucelrtratioli. 100 pt~cralit 

(1)) City-gas coiicetitratioli. 50 percent. 

FIGI.HE 212.--E;ffect of velocity on ratio of Ranw heirht to tu lw 
diaiwter iu t i i r t ) i i l r n t  reyiolr of city-Ka.: tinrric’+ i t i  free air ( r e f .  10). 

about :{0 percwit if h~-clrogcri is omitted. The pr0post.d 
fiinrtiori of refcrciice I 5 c*nilrmt tit difftlrrrlt fuel tJ-pt’s unlc>ss 
a different e m p i r i d  cwistarit is nstd for cacli fucl. 

, .. . 

- 
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Tlicw liave already hrtw iiidicaatctl in  figurr 198 b.v tl ie 
l)ouiidar?- separating thr various flame zones from tlir rx- 
titiction rvpion. Kliilc t l iv  1)hrtioii ic. i ioii  of fluslihnc~k is, of 
t~ )ursc ,  not possible for tlitfiisiori fliiiucs, the extitic-tioii curve 
does not exte,nd to  oitlirr zero fuel flow or zero airflow. As 
thr fuel flow is tlt~rrt1riscd. t tir flanic t)tvomc>s smallrr and 
sriialler until the quenrliing action of the nozzle wall is suf- 
ficient to prevcnt proptipation. Thus, a l o w r  boundary is 
set to the fuel flow. As t l i c  frwl flow is incretised, tlw flame 
length increases. A t  criticid furl flows, howver ,  thc proc- 
vsst\s of flume l i f t  nnd I~lo\\-oFi o ( ~ t i r  twtirely analogously to 
the  Bunsen flame. In f w t ,  the blowoff of rich Buiisen 
flames (see ch. VI) may well depend on thr characteristics 
of the outer-maritIra diffusioii flame. Some typical clnta on 
tlir lifting t ~ n d  ultiniut(~ blo~votf of I L  butimc tlitfusioii f l tmic .  
(ref. 2)  are illustrated by figure 211. The solid line sliows 
the location of the, flame base as the flow velocity is in- 
creased and lift occurs. The dashed line, on which typical 
flames are shown, illustrates the path of t h e  flame basrs as 
tlir t)utwre flow- vrlwit>- is rd r i r rd  and the  flanic resct tles. 
Tliis t>-pe of 11)-strresis i n  t l i r  l i f t  (~ r rv r s  also owurs with 
premised gases (see rh. VI).  The ultimate point, at  a flow 
vcloc.it>- of about 300 milliliters per sccontl, rorrr1spontls to  
cwnq)letc blowofl. Ttir (lata of rpferencc. 2 arc for rather 
short laminar flanirs, but the .plienomriion of lift is illus- 
triitctl for t urhuleiit flames by the daslietl cwrves of figure 206, 
\vtiicti d iow t t w  locatioii of t t i r  hottom of liftcd flunips and 
tlirir.  c.orrcxspontliirg total flanic height. 

The stability range of diffusion f l a ~ t ~  of ethene issuing 
from ciirburctor-t>-pc j c t s  i i i t o  still air is rtbportctl iri reftwric>e 
14. Thc r c d t s  shon iiig t l i c  s tntdity region as a function 
of jet clianirtcr niicl R(,>-iioltls number may br seen i n  figure 
21.5. The rarige of gas flow over. wtiic.li the flame is stublr 
iiitwascs only sligtitly wit  ti iiicrcasing je t  diameter. Atmw 
n cwtain cliametw. the raiig:c o w r  which thc l i f t c t l  fliirtio 

pt.rsists wiilms rnpiclly tis t tic j o t  sin1 intwnsrs, t)rc*:iuw of 

c 
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FIGURE 215.-Stability ranges of diffusion flames on carhuretor-type 
jets (ref. 1.4). 

the rapid decrease in  blowoff tendency on largcr jets. On 
small jets, the  lift arid hlowofl limits coiric-iilc. 'l'tw plw- 
nomrnon of l i f t  is explainctl i n  rc~fcrrnt-e 14 hy u c*ornptirisoii 
of the brrak points of ignited and unignited strcanis ancl 
thc twigtit of ttie bast. of tlie l i f t r d  t h m v .  Iii figiirc, 216, t l i v  
hriglit to turbulencc~ or the. brccik point or t t i r  Iicliylit t o  the. 
base of a lift,tvl flame is plotttvl ogainst R~ynol t l s  tiuintwr- 
cssentinlly flow d o c i t y .  Curves A and B coiiiiwt thv data 
for the hriglit to turbulencr in tlic unignited awl igliitc.d 
streams, respective1.v. Xote  that the height to t u r b u l e r ~ ~ ~ ~  
occurs at  higlior Reynolds nrimhrrs for tlir ignited gas 
strrani. ' l ' t i t x  staldizntiori was a t t r i h t d  i n  r.r~f~~rciic*r 14 
to Iicnt addition from the, flamt.. Curve C rtipresc~nts t l ir .  

height between the top of t h e  buriiw arid t h t .  has(. of tht, 
liftcvl flume. Crirvc D rc>prtwnts t hr Iiriglit t o  t r i r h u l t w w  
i i i  tlic' f i i d  j r t  of a liftrtl flume.. . i t  t~ flow mtc  inimc~tliiircly 
Iwforc, lift, tlic brriik point in tlir g:ns stream l i i b s  wcll witti in 
ttic f l i i r n v  i~i irt4opi~.  -It t lw j i c * t r i d  l i f t  poiiit, t t i t s  flunit. is 
atabilizcvl 1)s cddic~s fi)rrii(vI ;it thr h r a k  point, ~ i r i t l  tlir his, ,  
of tlic Hanit. is at t l i r  samv tir4ght us  thv hc,ipht t o  turhiilt~ticy 
(point  X in fig. Z l l i i .  A\ftc\r t h v  flnmr h n s  l i f t m l ,  t \ i c  Iicb:iiitip 
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r f fwt  of tlic flame on the gas stream is removed, so that the 
break point rrturns to that of an unignited jet, shown by the 
dash-dot h i t i  coiitiertiiig curve D arid point X.  As the 
flow rate is reduced, the break point follows curve D, while 
ttic flame base follows curve C. When they meet at point 
Y, the Raniti su(ltleii1y resettles on the port, and the break 
point rises to point Z on curve B. This description accounts 
for tlir hysteresis i n  the lif t  curves noted previously. 

Within the region in which the flame seat is located at the 
port, the height of tlie flame inrreases regularly with flow 
velocity (fig. 206). However, reference 2 reports that ,  under 
some conditions, flame vibrations may appear. To the eye, 
there appears a double flame that may correspond to th- 
niasinium and mininium positions of the vibrating flame as 
sketclwd in figure 217(a). Stroboscopic pictures of the 

-I J 
I 

Fue l  flow 

( 0  I 

1 

( b )  

(a) With arid without oscillations. 

(b) Instantaneous changes in dame appearance. 
FIGURE 217.--Effect of fuel flow on flame height (ref. 2). 

flame (fig. 217(b)) show that the vibration consists of a 
progressive necking of the flame; this can lead to the forma- 
tion of an island of flame which, separutrd from tlic seuted 
flame, burns itself out. The butane flame vibrations have a 
frequency of about 8 cps that is relatively independent of 
the flow. Modifications of the fuel supply system change 
the vibration frequency so that  frequencies from 3 to 20 cps 
have been measured. Hydrogen givrs a frequency of about 
200 cps; in a few cases, the butane frequency can be equally 
high. Similar frequencies were found (ref. 16) for the rate 
of flicker of diffusion flames; hence, it appears that the 
phenomena are related. I n  reference 2, the vibrations arc’ 
related to the phase lag At between the occurrence of maxi- 
mum fuel flow in the oscillating flow and the appearance of 
maximum flame height. If the phase lag is small compared 
with the half-period of the vibration ( A t s t % ) ,  the flame 
flickers; if At=&@, the flame height rises to a maximum and 
suddenly drops to its initial value; if At>t,, flame neekine 
and ultimate breaking off of islands of flame can occur. 

LIQUID DIFFUSION FLAMES 

SINGLE-DROP COMBUS1ION 

When a single drop of liquid fuel burns, it is surrounded 
by ti diffusion flame, as illustrated in figure 218. Fuel IS 

evaporated from the liquid interface and diffuses to the flame 
front, while oxygen moves from the outside air to t,he burning 
surface. The rate a t  which the drop evaporates and burns 
is determined by the rate of heat transfer from the flame 
front to the liquid surface. As in the case of gaseous diffu- 
sion flames, chemical processes are assumed to occur so 
rapidly that burning rates are determined solely by  ma90 
and heat-transfer rates. 

Theory.-Flame structure: Spalding (refs. 17 and 18) 
and Graves (ref. 19) consider a double-film model far eomhus- 
tion of a liquid fuel. One film separates the drop surface 
from the flame front ; a serond separates the flame front from 
the surrounding atmosphere. The distributions of trmprra- 
ture and of fuel, oxygen, and product concentrations as u 
function of distance through tlie combustion zone are as 
follows: 

1 Surrounding 
olmosphere 

I 

Liquid 
sur face 

A E c 
Sketch (1 )  
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W 
FICI.RE 218.-Burning henzene drop (ref. 29) 

In steady-state combustion, the liquid surfarc IS ussunwtl 
to be at  a temperature a few degrees I)clow tht, norninl 
boiling point of the fuel, as surveys of the ttmperaturch firltls 
in burning liquids indicate (ref. 20). I n  the AH region, friel 
evaporates at  the drop surface and diffuses to tlw flame 
front, where it is consumed. Heat condurttd from the 
flame front serves to vaporize the fuel and tirat it to the 
burning temperature TB. ( l t  is assumed that there is no 
chemical reaction of the fuel before it reaches the flame 
front.) In  the BC region, oxygen diffuses to the flame front, 
and combustion products and heat are transported to the 
surrounding atmosphere. The position of the (' surfaw is 
drtc.rminet1 by convection (natural or forcwl). 

Burning temperaturr: By equating fuel ,low to oxygen 
diffusion and heat conduction in the RC region, the hurning 

temperature may be determined. For oxygen diffusion, 
with the fuel and oxygen flowing in opposite directions, 

(32) 

weight of oxygen consumed in combustion of unit 
weight of fuel (stoichiometric relation) 

number of moles of products formed per mole of 
oxygen consumed 

The term (Xp/XoT- 1) takes some account of the fact that  
there will be a net gas motion if AYp/AYo2 # 1. The expression 
is applicable to the steady-state diffusion of both components 
of a binary mixture (ref. 21) and neglects the presence of a 
stagnant inert gas. For heat flow in region BC, 

where 
wa I 

-Yp/Xoz 

where 
h, specific lower heat of combustion of liquid fuel a t  tem- 

hp specific enthalpy of products referred to unit quantity 

ho, specific enthalpy of oxygen referred to unit quantity of 

The term in the brackets is the heat that  must be trans- 
ported to the point y in the combustion of unit quantity of 
fuel. Eliminating the fuel flow from equations (32)  and 
(33) and integrating give 

D P O ,  J T ~  h,- (hp- hp,,) + (ho,--ho., c )  

perature of surrounding atmosphere 

of fuel 

fuel 

- -_ dT 

i f  I>O,,C is small ancI .YJ.Yo,= I .  
considered inclepentlent of temperature. 

mean specific heat c, for products and oxygen results in 

The factor KmH7.f Dpo, is 

Integrating the left side of equation (34) by introducing 

1 ( C , . P - C Z l . o * ) ( T B - T C )  

hc 

or 

( 3 4 4  
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Vnfortunately, the error introduced by rxpansion of the 
logarithm is in t h r  opposite direction from the expansion of 
rquatioI> ( : < d ) ,  t m t l  prcdic.toc1 burnirip trmperatur(,s arr too 
higli. Soncthelrss. equtltion (34a) is useful for showing 
qualitatively the factors that  influence the burning tem- 
pertit ures. 

Equation (34) prrmits a more reliable calculation of the 
burning temprrnttlre. It has been used (ref. 18) to obtain 
burning teniperatures for kerosene drops in atmospheres of 
varying temprrature uncl osygen concentration, with carbon 
diosidtb ant1 water assumed to be the sole combustion 
products. Prefereritial diffusion of water with respect to 
carbon dioxide \Kas also neglected. The  calculations of 
reft3rence 19 for isooctane burning in atmosplleres of various 
oxygen c*onrcwtrutions neglected preferentin1 product dif- 
fusion and employed the simplified form of equation (34) 
valid for low oxygen partial pressure or - Y P / X O +  Z= 1 ; however, 
equilibrium dissociation of products was taken into consider- 
ation. In  figure 219, burning temperatures of references 18 
and 19 are compared for similar conditions. Burning tem- 
prraturrs for isooctane calculated from equation (Na) are 

t i + - -  

+ .  ~ 

_ * . . . . - -  I C O O -  1800 
+ . t .  t - L  .- 

Oayqen in oxygen-mlrogen atmosphere, volume percent 

FIOVRE 21'3.-Calculatrd hrlrtrirlg temperatures. Initial temperct uw, 
77' F. 

also shown. It is to be noted that thrse temperatures are 
higher than the adiabatic flame tcimperatures for corrr- 
sponding isooctaiic vnpor-osygt.n-nlt r o p n  mirt urvs (rcf 
22) .  Drop burning t t m p i ~ w  trirw I - ~ . ~ ~ :  h t >  grt.atvr bec.ausc1 
there is no n r t  flow of inert gas (nitrogrn) through the 
burning zont' and twcausc. thc oxygrn is prrlitviti~d to th r  
combustion temperitturc by the hot rrtwtiorl produi*ts. The 
fact that  the reaction zone must have a finite thickness will 
give rise to lower burning temperatmes than those ralrulatrd 
from equation (34). 

Huriiiiig rate: For t h e  A H  rt'gloii, h a t  ut111 l'ud ilow riiu? 

be equated analogously to equation (33) (directions of fuel 
and heat flow are opposite) : 

where 
hi 

h, 

heat necessary to raise uiiit mass of fuel to vaporization 

specific enthalpy of fuel vapor 
temperature 

Integrating over the A B  region gives 

The term hi is included because of the assumption that tlic 
bulk of the drop remains a t  the initial temperature during 
combustion. If the entire drop rapidly reaches the surface 
temperature during the first stages of combustion, hl should 
be omitted. The factors determining the drop interior tem- 
perature are discussed in reference 23. 

region, 
If equation (33) is rearrangrd and integrated over the 

From equations (36) and (37), the mass burning rate is found 
to be 

In the burning-rate_equation, t tie variation of thermal 
c*onductivities with trmperat ure is consitlerrd. 

Got l sav~~s  burnillg-ratr equat ion (rrfs. 24 arid 25) may be 
obtained from the first part of cquation (88) b>- using a mean 
valur for t l~ r  t h c ~ m a l  cwncluctivity in  t t i c  A H  rclgion t in t1  

Irt tilip h,-h,, A = C p . / (  T-  T.4) : 

For a liquid sphere, the relation 

(39) 

gives the mass burning rate in trrms of the change of radius 
with time. 

Experimentally (refs. 19 and 25 to 28), mass burning rates 
of single fuel drops are found to br proportional to the drop 
rtldiiis. Y'eritttioii of drop diamctcir with timr is given by 

where. ddr ,  is ttir initial drop tiian~etcr, tld,='L1/., is t l w  
diurnrtc~r tit any subscqiic,rit tirncb, aiitl .Xis the evaporatioii 
constant. The rate of rliatigt~ of radius with time may tw 
obtained from equation (40) : 

(41) 
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I 
Oxvgen iii  Evaporation 

1 atmAphere, % constant, H, 
ft7'qec 

From eqiintioiis (38), (39), aiitl (41), i t  follows that 

2, -2%- 8 -. !;I 4- N) 
a P l y A  PI 

Yc 

S o t e  that .Xwill be constmt i f  y,,/yc is constant or if pc= 0) 
(drop burning in the absriice of ronvrrtion). Equation (42) 
hns been successfully uscd to predict evaporation (*onstants 
for the conibustion of single fuel drops. 

Combustion in quiescent air.-Evaporation coristniits of 
single drops (initial d i t "  1000 to 1500 microns) of various 
liquid fuels burning in quiescent air have been obtained by 
Gotlsave (refs. 25 and 26) with n motion-picture technique. 
BJ- the snme mctliotl, Gruvrs (ref. 19) has studicvl t h e  ('om- 
bustion of isooctane drops i n  vurious oxygen-nitrogen 
atmospheres. Plots of square of drop diameter against 
time were found to be linear (see eq. (40)). Figure 220 
sliows a typical plot for isooctane burning in an atmosphere 

I 

~ 

I .ol 

.5L 

--- 

F ~ G ~ . R E  220.-Ti11iti variatioii in diameter for drop of isooctane burn- 
i i ig i n  oxygen-nitrogen atmosphere coiitairiing 34.9 ptwrirt oxyKeii 
1rt.f. 19) 

cnotitairiirig 34.9 pwwnt  oxygen. 111 table XXVII, ctxpvi'i- 
mental and cnlculatetl (ref. 29) values of evaporation coli- 
stants for combustion in air determinrd by Godsave art' 
presented. Although values for je t  fuels were riot tlcttr- 
mined, evaporation constants of about 1Ox IO-' squarr foot 
per second (similar to kerosenc) are to be expected. Evapo- 
ration constants from reference' 19 for isooctane arc' prr- 
sentetl in table XXVIII. 

The combustion of suspentled single droplets of t l cvmic ,  
tchtralin, furfuryl alrohol, and amyl acrtate was stutlicd i n  
rc.fcrc~ric.c 28, wid drop 1ifetimc.s w ( w  mwsurc.tl at prc*ssiirt.s 
twt wwi i  1 i i r i t l  %I t i t  mosplic~rc*s. I d i f t a t  inws w'ro f o i i i i t l  to  Iw 
vorj. ricnclrij. proportinrial to  t t i v  sqiit"' of t t i c  i r i i t i d  ( i iwp  
tlitirlic.tcbr for  21 pivcbri prwsurc. a i d  f w l ,  i i i  ugrwnicnrit wit t i  
('quat io r  i (40). E vu porti t i n n  ( b o  rist an t s \v('r(> not i Ir t c r -  
mitiid as suc-li, b u t  droplet lift4mc.s w ~ r c  c-orisistcrit witti 
evaporation constants of the order of 1OX IO-'' squartb foot 
per sevontl (similar to t tiosr of tables XXVII antl XXVIII).  
With invrwsirig pri'ssiir(', volilriicbtric* hiiriiiiic rtit(bs i r i -  

c - r . v w d  ,iyjproxirrititc~lv wit ti I I I P  f o i t r t l i  i n o t  nf t 1 1 1 8  i w w s i i w .  

TABLE SXVI1.-EVAPORATION COSSTASTS FOR 
VARIOCTS FUELS BURXING I S  AIR 

1 -  

I 
I Evaporation constaiit, ,$< ft*;>ec I 

, I I I__. I 
Fuel I Elperi- 

rnent~ l  Calculated Calculated - 
arid 26) 

I 

' (ref? 25 (ref. 29) 
I ' Petroleum ether 

Toluciie- _. . _. . ~ ~ ~. ' h 7. 1 
Ethglbenzene~. ~ ' !I. 3 
o-Syle i ie .__ .  . ~ .. ~. 8. o 

Xylene __.. ~~ ..-.. 8. 3 
gobpropylbenzene. - - 1 8. 4 
Pseudocumexie.. -. ~ - - 1  e 9. 4 
n-Butylbenzene __._. 0 9. 3 
ferl-Butylbenzene-.~.I 8 3 
tcrt-.4mylbenzene.. -. 8. 4 
n-Heptane-- . .  . -..~. 10. 4 j Isooctane.-_.- . - ~  ~. .~ 10. 2 

..-. 

._._ 

8.-6,10-s , 
9 6  

6 
0 2 
8 9  
9. 1 
8 7  

i a4  
a 2  
a 3  

I 
I 

7. 8 
I O  4 
10. 1 

Calculated wlni equation (3%) and a correction factor of 0.;0. 
bErilerimrnral wluc hellwed to he t w  low. 
'Exirlmental rulur heliered to hr Iw)  high 

TABLE S ? I V I I I . - E V A P O R A T I ( ~ ~  COSSTASTS FOR. 
IS 0 0 C T A S E I N V.4 RI  0 US 0 S Y G E S- S I T R 0 G E S 
.\TI\IOSP€IERES (Ref l!)) 
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17- 

I6  

15- 

14 

13- 

I I 

9- 

0 -  

7 -  

6 -  

tistimated heat transfer by radiation. The assumed burning 
ttmperature of 3100’ F seems too low; calculations (refs. 18 
arid 19, see fig. 219) would suggcst 4300O F as a more r(w011- 
able estimate. Results of Godsave’s calculations (ref. 29) 
are shown in the third column of table XXVII; and, while 
tlie agreement may in part be due to fortuitous choice of 
TB, c,,,, and cB, the values are of the correct order of magni- 
tude and suggest that Godsave’s equation (3%) is useful 
for estimating hydrocarbon burning rates. Accordingl.v, 
equation (38a) has been used to calculate variations in 
evaporation constants for the series of compounds investi- 
gated by Godsave. Burning temperatures were estimated 
by employing equation (34a) to convert variations in 
he/ WS, into equivalcnt variations in oxygen concentrations; 
burning temperatures could then be estimated from the 
isooctane curve of reference 19. Mean heat capacities and 
thermal conductivities were taken a t  2200O F; the latter was 
taken as the mean of the thermal conductivities of air and 
the fuel. The position of the burning surface with respect 
to the drop was taken from Godsave’s determinations (ref. 
29). (For isooctane and ethyl alcohol, the value of n- 
heptane was employed, since no measurements were made.) 

Evaporation constants so calculated were found to be, on 
the. average, 26 percent higher than experimental values; 
therefore, they have been reduced by this amount and tab- 
ulated in the last column of table XISVII. Reference 26 
suggests that ,  unless otherwise indicated, the experimental 
(vaporation constants are precise to 10 percent ; reduced 
calculated values agree with the reliable values to within 
this margin. .ircuracy of this type of experiment may be 
poor. Sirice the isooctane-air value of reference 19 is some 
20 percent higher than that of reference 26, the 26-percent 
correction factor does not prove that the calculations are in  
i’rror by this amount 

Evaportl t ion (miis t a11 t s for isooc t ane rombust ion in the 
at)stvice of c*ouvt~rtiun iyC= a, ) were c.alculatetl i n  rt>frrcnce 
19. The transport properties of air were assumed in the 
RP region, and preferential diffusion among combustion 
products was nrgle.c~ted. Figure 221 shows three curves 
calculated witti t l w  following assumptions: 

(1) Thermal c*onductivity of isooctane i r i  rcsgiori bctwwn 
drop and burning surfaces ; dissociation of products 
(middle curve) 

( 2 )  Thermal conductivity of isoortarie: no dissociation 
(top curve) 

(3) Thermal conductivity of air; no dissociation (bottom 
curve) 

The experimental determinations of reference 19 are also 
plotted. 

I t  must be noted that these calculations are for no convec- 
tion. Equations (36) and (37) may be c.mp1oye.d to calculate 
the. position of thr l  hurnirig surfaw with respwt to the drop 
The result is 

4:< ) 
?&=A__ if13 

- 

- 

12-5 

l o -$  

- 
s 

-yv 
I 

- 0 

- 

For an isooctane drop burning in air in the absence of con- 
vwtion, values of the intpgrals A and B (ref. 19) predict 
yB/?yr= 18.5. On the ottirr hand. for n-heptane, the meas- 

urement (ref. 29) shows that yB/yA = 3.  (Because of convec- 
tion, the burning surface is highly distorted from a spherical 
shapc; the value of wf. 29 must be regarded as a minimum, 
see fig. 218.) With the same value assumed for isooctanv, 
yA/yc=0.3 (from eq. (43)). Observed evaporation constants 
should be diminished by 30 percent to yield values applicahle 
in the absence of convection (eq. (43)). Measured values so 
reduced ar3 also plotted in figure 221 to indicate the range 
for experimerital constants in the absence of convection. 

It appears, tlierrfore, that  the essential features governiirp 
the rate of combustion for single drops in quiescent air arc 
well understood. Uncertainties in the proper selection of 
transport properties for the calculation, as well as experi- 
mental uncertainties, cause difficulties in drawing conclusions 
from figure 221 011 the relative merits of the various assump- 
tions of reference 19. However, the calculation tha t  con- 
siders product dissociation seems preferable, since i t  presents 
a more realistic picture of the state of combustion products, 
particularly at higher temperatures. In general, burning 
rates of hydrocarbons are very similar. Rates are increased 
by factors tending to increase tlie burriirig temperature and 
the thermal conductivity in the region between the flame and 
drop surfaces. Dwreases i n  latent heat of vaporization ant1 
film thickness also cause invrcvises in evaporation constant 

Combustion in airstresms.-Thc priri!*ipal work on c’oni- 
bustion from liquid surfaces in moving airstreams has brcn 
conducted by Spaltling (refs. 32 and 33) ,  with spill-type burn- 
ers in which the fuel (for most experiments, kerosene) was 
circulated over the surface of the burner and collected. Both 
vertical flat-plate and spherical burners were employed (tlie 
latter simulates a drop of liquid fuel). Variation of the fuel- 
flow ratra permitted variation in the amount of heat absorbcd 
by the fuel. The burners were of such a size that the effcrt 
of iiatural convertion must tw coiisidcwd. Experlments 011 

burning from sp1ierc.e uiiclr*r f o r 4  conrwtior, wwe also 
c.arricd out (wf. 33). 

Oxygen in oxygen-nitrogen atmosphere. vdume pscent 

FIGITRE 221 -4’orriparinon of calculated and experimental evapora- 
tion corlstarlt?, for rsooetarlr drops (ref. 19). 
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Spnlding (refs. 33 and 34) presents without complete deri- 
vation the following equnt ion i n  trrnis of dinirrisionless 
groups for conibustiori from a vrrt icd flrit pllitr uiidrr larniiiar 
natural convection: 

(44) 
where 

and Ino, is tlir weight of oxygrn per unit weight of gas misture 
in the atmosphere. 

Values of specific heat, density, thermal conductivity, and 
viscosity to be employed are not specified; however, for his 
calculations, Spalding used the room-temperature properties 
of air. It might be noted that the group gb:pz/fiz is a part 
of the Grashof number. The function .c(+%f,Pr) is approxi- 
mated by 0.769 111 (1 +$) when Pr=0.71 (air). 

For forced convection from a flat plate in a longitudinal 
laminar gas stream, the following formula is given: 

G,b”= yq H,p,*)r;$! (45) 

For Pr=O.il ,  the function 2y(d,Pr)  is approximated by 
0.646 In ( 1  + 9). 

It is statctl that, i n  griieral, mass-transfer rates (burning 
rates) can be prrdirtecl approsimately from existing treat- 
transfer data by the relation 

P 

w h ( w  [ I  is the heat-transfer cwffic*irrit tletwniiiicvl i i i  mi 

experinieiit without combustion or mass transport. 
Equation (46) is similar to equation (S8a), whirti, whew 

basrd on a burning ratr p t ~  u n i t  arcti, yirlcls 

The term ( ? / & A ) [ G / ( V B - d ) ]  might he roplacwl by a t ic%t-  

transfcr ro t4 ick i t .  
By introductirig ttir burning tcmpcrature from equation 

W a ) ,  

since C,PD/K 5 1 , and for air po2.c/P=m,,.  Thus, the relation 
brtwren rquations (46) and (47) may bc seen. 

S ~ t i i r a l  c.orivcvtinii: S p n l d i r i ~ ’ ~  c.upcrim(.rrts nil iaornhrrqtiori 

in natural convection employed a flat-plate bui.iwr 2 . 5  
inches high nntl 2.08 int.lirs wide arid a 1 .j-inch-tlianic.tcr 
splwrical burner. Upon variation of t lit. fur4-flon- ratch over 
the  burner, the heat absorbed by ttie liquid could b t  as 
high as 4000 Btu per pound of fuel burned. This permitted 
a much wider variation of h,+hl than could be obtainrd 
by burning single drops of furls of different heats of vaporizn- 
tion arid boiling points. 

Data  for both the plate and splierical burners wcrr w 4 l  
corrrlated by equation (44). For (.ombustion from a spl icr~~,  
the cliumetcr was used as the cliaractttrietic dimensioii i i i  

place of the plate height. Spaldiiig justifies tliis proc-eclui.e 
with tlie statement that heat-transfrr data by natural con- 
vection from plates, spheres, or cylintlrrs are well cwrrrla tocl 
by a single rrlation, so that, the same might br cspc.c.twI 
to hold true for combustion results. AIost of the experi- 
ments were on kerosene combustion, but data on gas oil, 
gasoline, and heavy naphtha were predicted equally well by 
equation (44). Equations (44) and (46) are considered 
cqunlly good for estimating burriirig rates by riatiiriil 
convec: t ion. 

Forced coiivevtiori: For most of his esperimeri ts on forcwl 
convcrtioii, Spirltliiig employed n 1 -iiich-tliamrt rr  spheric*:il 
burner, with kerosene, gasoliiic, chtliyl alwhol, and t)rnz(,iitl 
as fuels. Experimental burning ratcs wrrv 10 to 15 perwrit 
1iigtic.r than tli(~orcticd for a flat-platc hurner acwmliiig t o  
qua t ion  (45), but wcre a11 ( y u t t l  ainoriiit l o ~ w r  t tiall the 
predictions of equation (46). Data were not as rqxwtluci1)le 
as rrsults on natural corivectioii. A cdcwlatiori IHF.NI O I L  

equatioii (46) givcbs ari rstimate of 3 milliscwoiids as t h ( >  i i fe -  
time> of a 100-mi(wxi jct-fucl tlroplvt 1)urniiig i i i  u 400’ F 
airstream when tlic velocity of the drop rchtive to tlir air- 
stream is 50 feet per serontl. In t l i e  absrrit~t~ of cwivcrtion, 
the lifetime would t)c 12 niillisec~oiitls. 

A niorr exact troatnicwt of cbonit)ustioii from a Hiit  plate i i i  

f o i w t l  wiivwtion is r.cy)ortcvl i i i  rrf(wiiw : {5 ,  i i i  jvti ivli  i~ 

l’raritltl iirirnt)i~r of I is tissiimtd. Tliv rcw~l t s  of t l i is  c ~ i i i c ~ r ~ l i i -  

tioii appear to n g i w  witli cspcrirncwt sointwliat twttcr thaii 
qua t ion  (45) or (411). 

Duririg c q m i n i i ) r i t s  oii cwnil,iist i o i i  from splirros i i i  nir- 
streams. it was o l ~ c ~ i ~ v r t l  t l i u t  at II car.itic.tiI i ~ i r  v i b l o c . i t )  t l t t b  

leading half of tlic c.nvc.lopc flume surrounding tlie splierti was 
estinguislic~tl. Spi~I(liiig attrit)iitcss t tiis cwiiic’tioii phcriorti- 
eiion to c*hemicd IiniittLtioris on t l w  cwrnt)ustion ratc. As 
ttir air vrlocbity is iricwascd, t tw t)ouritlary layer t)wornes 
tliinner, arid mass transport to  t t i ( ,  flamr front is incrc~asrtl. 
S i n c a r  rhemiral reaction ratcis i i t  t tic. 1)urnirig srirfac-r arc 
finite,  the rrartiori zoiic ttiit*lirlis aiid its temprratnre falls. 
Everitually, a poirit is reac.tird at wliic4i t tic. chrmical reaction 
ratc can no loiiger kcep pnrc with tlic rat(, at w1iic.h fuel and 
oxygtvi aro siipplii~tl to t t i c k  t)urriirig zoiir,  aricl t l i t >  fluin(, is 
vx t i ngir ish r( I .  S, piI(1 i rig c ~ ) i i  t l I I  (*I ( V I  cts t i ric t ion c:xpwi iiiw t s 
i i i i ( 1 1 ~  forcwtl cwiivvction on splicws of varying cliunictrr 
(O.X’5 to 1.025 in.). I t  wiis prcvlic.tcd t t i n t  a t  rxtinc-tioii ttw 
iiir vdocity (caxprvsscd i n  cliani/scv-) ant1 t h r  tlistaiiw of t lie 
flame from tlir splirrc surfavc on tlie upstrram side should I ) c b  

constant for spheres of varying diameter. This was found to 
be true, within 10 prrcrnt, for ttie 3.7-fold variation in 
s d i i w  clinmetw ~tritlicrl. 
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.i~iotIier iiietliod of s tud~ i i ig  combustion by convection is 
that employed in rcfrrtwcr 36, in  which fuel droplets (about 
:io() IO  600 microns initiiil tliain.) fall through a heated 
furnac*e a t  their terminal velocities. Quantitative data on 
evaporation in high-temperature atmospheres were obtained 
by this technique, but oiily a few qualitative observations on 
residues from burning residual fuel-oil droplets arc pre- 
SCll ted. 

In general, Spalding’s equations appear to predict well 
experinimtal burning rates under natural and forced convec- 
tion. However, drop sizes encountered iii fuel sprays are 3 
or more orders of magnitude smaller than the spherical 
burners used by Spalding, and no other quantitative data 
on burning under convection are available. Therefore, it is 
diffirult to assess the value of his equations for application to 
the combustion of small droplets. 

FUEL SPRAYS AND MISTS 

The mode of combustion of the droplets in a burning fuel 
spray might be considered in terms of two extremes. In  the 
first instance, the droplet may burn as a diffusion flame in the 
local atmosphere surrounding it. In  this event, its combus- 
tion will be governed by the factors considered in the pre- 
ceding sertion. On the other hand, the droplet might evapo- 
rate and mix by diffusion with the air in the preheat zone of 
an rstablishrd flame front. The burning of the spray would 
in this case be detrrmiiied by ttiv same considerations that 
applj- to the combustion of gaseous fuel-air mixtures. 

Theory of combustion.-The evaporation oi burning of 
liquid fuel sprays is examined theoretically in reference 37. 
It is assumed there that t.he evaporation or burning rates of 
individual drops are proportional to the drop diameters (as 
observed experimentally), that the evaporation constant is 
the same for all drops, and that all drops have tlie same 
available time for burning. The fuel spray drop-size dis- 
tribution is represen tetl by the Rosin-Rammlrr relation 

-p )P  (49) 
l&=e 

w11t’i-e I ~ ,  is tlie volume or weight frartioii of the spray com- 
posed of drops greater i! diameter than (id,. The constants 
,i and 9 are known as the size arid distribution constants, 
respectively. The more uniform the drop size, the higher the 
value of 9; if all drops were of the same size, 9 would be 
infinite. In practice, it  has been found that atomizing 
11ozz1es give sprays liavirig values of 5’between arid 2 arid 4. 
hlean diameters that determine the evaporation rate of the 
injec+ttd spray and of the spray in steady-state burning 
(wliere injrction arid evaporation rates are equal) have been 
twduattd.  The specific volume in steady burning, which 
is tl i t .  volume of unevaporatecl f u d  divided by the volume of 
fut4 iritrotluctd per scv*orid, has also h n  (’R1C1112ttOd. 

Jiic*ompIt~tt~ evaporation o f  t h e  spray for limited rvap- 
orative tirnf was roiisitlerrtl. The results art’ shown in figure 
222, wl i~r t .  ttic fravtioii of thc spray unevaporatetl is piot.ttxi 
agairist .Xt/.iz for sprays ir i  which the tlistribution constarit, 
is 2, 3, or 4. The dashed line illustrates the behavior of a 
single fuel droplet, or a spray in which all drops are tlie same 
sizv (9 = 00 ) ,  Soti’ tliat in  tlrc early stages sprays of low 

FIGURE 222.-Evaporation of fuel spray (ref. 37). 

small droplets are present). Later, however, sprays of 
uniform size distribution (large 9) are favored, since thtxF 
have fewe? large drops (which evaporate more slowly). In 
general, it  was concluded (ref. 37)  that the size constant .i is 
the most important factor in determining thr evaporation or 
burning rate of sprays. The distributiori constant has a much 
smaIIcr effect, althougti a large valur of 9 favors more corn- 
plete evaporation, despite the fact that the initial evaporation 
rate of the injected sprag will be lower. In appendix C of 
referenre 19. the relations of reference 87 were .applied to a 
fiicl spray I)urning in  a duct wliere heat release cliariges 
the avc’ruge velocuity aloirg tlie duct. I n  this manner, the 
author calculated what the effect of evaporation rate on 
combustion efficiericsy sliould be. 

The foregoing considerations are applicable if the burning 
of a fuel spray may be represented as an integration of t l ie  
burning of single drops. 

Experimental observation.-The observations of reference 
38 on a kerosene spray burning i i i  still air give some informa- 
tion as to the manner in which the fuel droplets art’ consumed. 
I t  was observed that a flame front was established about 
1 ~ r i c ~ l i  from tlic spray nozzle. As iridicatcd i n  calriilatioiis, 
at this point sniall drops (size of the order of 10 mic--, s)  
w r w  a t  rest with respect to the airstream, which was moving 
w t h  a velocity of about 0 7 to 1.0 foot per second (corn- 
patiblr with normal burning velocities). I t  was roncluded 
that, in the period of about 0.1 second that the small drops 
spent in transit from tlie nozzle to the flame front (for larger 
drops, this time was even sliortrr), verv little eva~ora t ion  
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sprays is far less complete. Fine fuel sprays and mists 
appear to be similar to premixed fuel-air systems, while for 
coarser spraj.s bdiuvior intcrnicdiate between that, of 
diffusion and premixed flames might be expected. The 
application of the data of this chapter to combustor per- 
formance is therefore somewhat limited. Another limi- 
tation exists because of the high heat-release rates required 
by aircraft combustion sp tems.  The high velocities may 
result in conditions that more nearly approach the extinct'ion 
regions of the flames where chemical reaction rates appear 
to he important. The extinction of diffusion flames has 
received somewhat less attention than normal burning and 
appears to be a fruitful area for research. 
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CHAPTER VI11 

OSCILLATIONS IN COMBUSTORS 

H y  PERRY L. B w k C K s t i m R .  J R . ,  :uid \VARRES D. RATI.E 

INTRODUCTION 

High-prrforniance jet-enginti combustors desigrietl for 
steady-flow operations frrquently and sometimes unexpect- 
edl?- rsliibit periodic flow os(-illutions. d i i d i  nrc ilsiiallg 
autliblc. Tlic frcqucncws of t I i c w  souuds mngr froin t l i c  
20- to 30-cps buzz of a ramjet engine to tlie 1000- to 3000-cps 
screech of a high-performance afterburner. Some typci of 
combustion oscillation may occur a t  any point within the 
engine operating range. These combustion osci1lat.ions are 
accompanied by excursions i n  prrssure and velocity within 
the combustion chamber. Some observers report 1)encficial 
effects due to  these velocity and pressure excursions evi- 
denced 1))- a noticwhle increase in the combustion t4€kirric.v 
within the combustor. Still more observers report delrterioiis 
effects, such &s a rrstrictetl range of operating conditions or 
the nctual destruction of combustor component pnrts 

Some modes of combustor oscillation exhibit pressure and 
velocity perturbations that can be dxcribed by solutions of 
t l t c  wave equation for an ideahzrd, homogrnr~ous, stat ionnry 
nirdium in an rriclosure liavinp t l i t i  dimensions of t hr (‘om- 
bustor. Other oscillations, where the implied wnvelengt ti is 
long compared with the dimension of the enclosure, (*an 
better he described by use of a lumpf’tl-c’oristaiit c idysis ,  
analogous to t hr t r a t m e n t  given tltc Hclmltoltz rrwntitor. 
In these analyses, the wave and thc enclosiirc arc the primary 
rlcmrrits: thti  flame and t h e  flow prowssrs arc givcn cursory 
trcatmrnt. Tlirre arc types of combustor os(-illation, 
however, where such treatment does not adcquatelg dcscnrih 
ttir plwnomcna, hut whcrc  t I i r  comhistor c-oniponcvitq must  
be considrred. Examples of such oscillnt ions might i w l u t l v  
those involving aeolian tones, modulation of fric.1 flow nr 
fuel distribution, and recurrent detonation. 

Regardless of the system employrd to dwrri be t lit.  prvssiirr 
and velocity distribution within tl iP rnginci, n f t w  grnwal 
remarks may br madc conc-erriing thc important-r o f  the  
flame and the flowing stream in maintaining the oscillation. 
Bny oscillation, whatever its nature, rrquires a source of 
energy for its continued existence. Two sources of energy 
are available in the combustor: (1) the kinetic energy in 
the flowing gas, and (2) the chemical energy rcleasrd 
in the combustion proccss. Of thew two sourws, t lw 
chrmical rnergy is far greatrr. H o w v r r ,  t1i.s cnwgy 
can only be made availablc to tlrivc the oscillation 
through a time-varying work cycle, while t Iic kinctic cnrrgy 
is immediately available for driving the oscillation by means 
of any of a number of thermodynamic or aerodynamic 
processes that alternately store and release this energy. 

Tlic internction of tlir combustion and flow processes 
within tlir oscillntory s y s t r m  is coniplcs. The  flamr zonr 
is not anchored spatially but can move with and be disturbed 
1))- the oscillating gas lfeanwhilr. the locnl rrnction rates 
n i t h i r i  this niohilv zonc rnr>- in some manner with the 
tiiiit~-vwyirig pr~~ssures alicl temperatures. Tlirse local 
rate variations act as sources of acoustic waves whose com- 
bined effect is to drive the oscillation. 

I n  this chapter, the analyses that have been found useful 
in  identifying modes of combustor oscillation are summarized. 
Tlir manner in which depart iirr from the assumed ideal 
condition affects mode identification is discussed, and 
mc*thods whrrrby an idrntified mode may bp controlled or 
elimiiiated are supgestrd. An rffort is made to formulate 
a coherent picture of the interaction between the oscillation 
and t l i c  cwmhustion and flow pro(-cissrs i n  an rngine on the. 
basis of tlir l i t t l t l  that is known thout sricliintrrnctioiis. 

SYMBOLS 

The following symbols are usrtl i n  this chapter: 
cross-sertional arra,  sq ft 
sonic velocity, ftjsec 
rod diameter, f t  
function of viscosity, distanc*ci, and initial stream 

momrn tum 
fuel-air ratio 
frcqucncy, cps or sei’-* 
Bessel function of first kind of ordrr ( 

c’onstallts 

(‘onstarit of iritclgriLtiori 

flow llac.ti nunibrr 
mass of gas i n  combustiori c-hamber, slugs 
mass of oscillating gas i n  diffuser, slugs 
indices 
pressure 
mran heat-release rate 
perturbation hea t-release rate 
radius or radial distance, f t  
mran temperaturr of gas rn tchring combustor 
temperaturr risr across combustor 
tirnr, sw 
vrlocity, ft/sec 
velocity of signal in loop srgment, ft/sec 
mean velocity approaching flameholder, ft/sec 
perturbation velocity, ft/sec 
duct width, ft 

lengtll, It 

229 
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(a) First longitudinal mode (r=n=O: n,=: 1 )  

(h) First transversr mode ( T L = ~ ~ = O :  r=I) .  
( c )  First radial mode (r=nr=O: r c = l ) .  

E'IOI.RE 229 --Prt~ssurr ,:ontorim and particle motions for furidamenta1 
modes of cylindrical duct (ref.  61. 

I t  is of interest to rorisitler t l w r  of thv simplest modes 
possible. i i i  the  c*yliiidrical room. If { = r i  = O .  th r  mode is 
t t i e  puri4). lotigitiidiiitll organ-pipt. type of oscillation. For 
r=n,=O, the mode of oscillation is purely radial with the 

.i rnocle of osrillatioii th iw ( ' t i t i  I)(& ohtaincvl by giving tli t .  
ronstaiits c ,  I I ,  and 71, iiitogral vtiluc~s. Siriw t h v  W ~ ~ V L '  rqua- 
tiori is liucar, a c*ornLniutioii of tliffcrrnt niocles exist 
simultaneously. The frequency (cps) for airy nioclr of 
o s d a t i o n  in t h  cyliritlrical room is given by the formula 

w t i c w  for { = I  the gas sloshes back and forth across a di- 
tlnitter, again uniformly along the length of the cylindricnl 
room. Skctc.1it.s of the pressure distribution atid piirticlc 
motiori for tltesti tlirrr simplest cases arc given i n  figure 223 .  
The higher modes of oscillation possible can be c-oniputd 
from equations ( I )  and (2) with the help of the valurs of 

given i t 1  table XXX for the first several modes of trans- 

~ 0 1 0. 0000 I .  2197 1 2.2331 1 3.2383 4.2411 
1 ' 5861 I 1.6970 2.7140 3. 7261 1 4.7312 I 
2 1 : 9722 2. 134fi 3. 1734 I 4. 1923 5.2036 
3 ' I .  3373 , 2. 5.513 I 3. 61 15 4. 6428 1 5. 66'14 
4 6. 111)3 j ! 1. 6!)2fi I 2 11517 ' !. 0368 ' 5. OR15 
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v ( ~ s e  and radial oscillationis for which n, may or may not Iw 
(qual to xrro. 
.I siniilrir troiitriicwt m i y  ho givoii thc n i i i i u l i i r  i ~ o o i i i  irtsf. 

3)  ~ind t t i c  rrctiiiigiilur room (refs. 1 iiiicl 2 ) .  I i c ~ f t w i i c * c ~  :{ 

points out the fact. usually oniitttd by stiLntlart1 iwoustic 
tests, that, the trarisvrrse mode of oscillation may owur as n 
truvcling wave as well as tb staiitling wavc. Tlicb prt~ssiirt~ 
distribution for the traveling wave is obtaintvl from q u a -  
tion (1) by taking K,=O, & # O ;  or h ; # O ,  h’,=O. E’igrirv 
224 gives a comparison of the  prcwurr and piirticsltl-motion 
tlistribritioii of stuiiding nnil trnvrliiip w i v w  for tho first 
t ra llsvt’rs(’ n1otlv. 

On the basis of the preceding discussion! i t  is now of in- 
terrst to consider tlit‘ methods \vhrwby such  motlrs of oscil- 
Iatioii inn)- bo csI)c.i,iincntiilly itlcwtificd. If t l i v  niodw 
uctually cwrrespond to the siiiiplc solutions of tlir cyliii- 
driral-wave equation as discussrd herein, for a purely trans- 
verse mode, the pressure would undergo a maximum excur- 
sion near the wall and go through zero excursion at tlie 
renterline of t lw  duct .  The pressure on opposite sitirs of the 
1)urncr woulcl tw out of plinse for odtl trurisvorsr nioclcs n r i d  
i i i  phase for r v m  traiisvrrse modes. 

If the transwrse niotl(~ wrrv u stunding \ v i ~ v o ,  t l w  oscilla- 
tor!- prcssurr iihout a c~ircurnfc~rc~ticr woultl rrnc-ti IL maxi- 
miiin at, t h e  notial point, vanish at an aiitiiiotltil point, and 
so forth. 011 c4tlirr sido of t h  iintiiiotltil l i r i c a ,  t h  prclssurc’ 
os(i1Intioii would (.wr>-wlirrr. k~r i n  pliusc~. If t h v  trnnsvcrst~ 
mode wrre a travrliiig wavc, tlie amplitutlc about, t l i c  vir- 
ciimft‘rrrice would be evrrywhere the same, and thc phase 
clifferericar l w t u - w i i  two points of circwnf(wiic~c \voiild I)(. aii 
integral niultiplc of tlicir a n p l n r  displaccrnrnt, radial 
w a w  would Iiavt. the  prrkssurt. distribution shown in figurr 
‘1231(*). Ttir phasing would tic swh that t l i r  prvssitrr at tlic 
c . r n t e s r  of ttir clue-t \voultl l)r 180’ out of ptixw w i t h  t t i r  prrs- 
sure a t  the n a l l  for odd motlrs arid i n  phasr for t ~ t m  rnod(~s. 

I I I  bot ti t l i c k  t rniiswrsr t i r i d  rudid ntoclc~s, t I i i ~ t . ( ~  \voiiltI tw [io 
t ~ l ~ u i i g o  i i i  pwssitw and ph>isc~ along tl ic aisis of t t i v  c*yliiitlriral 
room. 111 t l ic purdy lorigitutliiial niotlo, howrver, t hrrc 
s l i o i i l t l  l w  no (-tiaiige i i i  aniplituclc o r  plicisc~ ~ ~ ( ~ I Y I S S  t l i v  tliani- 
v t r r  or nroui ic l  t t i c .  pc,riptic.rj-, a-lic.rcas ttirrc, I\ oiiltl l )v  a 
(*Iiaiigv i n  uniplitutlc alotig the axis arid a 180° shift i i t  ptit~sc. 
rwry time an aiitinotlal planr wis crossrtl. In srlrcting a 
rrliablr characteristic for the identification of a motir, t h r  
efrcts of depart urr from t ti(>, assumcvl idral lromogenrous 
stationary medium shoiild tw rorisiti~~rrtl. 

Tlir presrnc-r of strady flow through t l i c .  burnrr ~ - o u l d  
probably tiuvcl its grwtrs t  rffcbct, on ttic. loiigitutlinal rrso- 
nancv~. Strong voIocLity gratlirnts might occur i n  a radial 
tlirrctiori. ‘I‘licsr woultl t r i i d  to c l i f f  ract loiigitudinal wnvc~s 
uritl c*oiic-c.iitruto tlirir r.iiwg>- i n  t l i o  iq io i i  of lo\r c>ffwtivo 
so l id  spcctl. 

‘I’t~rtilwrtit i i r i b  prritlitstits \ r o r i l ( l  t c L i i e l  t o  uffivat irliiiost all  
t l i e ’  I I I O ~ ~ P S  of owilltit ioti. Fcir cwiniplr~ .  rc4cwric.v 4 givw 11 

I l i c ~ o r c ~ t i c ~ u l  c - f f ( & c * t  of uti assuiii(-(l tmip (wt  urv (list r i h t  ioii 
upon t ti(, first traiisvc~sc motic of osc.illutioii i n  IL ryli i idrid 
tlurt. Rrfrrence 5 discusses t h c b  rfYwt, of a sharp tc.rnpwa t urr 
disc.ontinuity III)OII longitiitlinal os(-illation. Rvft.ix.nw t i  
yivcis t i n  c.upc~rinic*lital cl(moristriitioii of t t i ( &  d r w t  of slicirp 

tt>mperature gradients on thc first transversc mode of oscil- 
ltitiori i n  a cyliiitlritd duct. ’I’liti discussions i n  Icfoiwiccs 
4 tin(\ 6 i n t l i c w t c ~  t l i c i t .  i v l i c w  thc gas i r i  on(’ scction of i1 

qdin(lricul t l  i i r t  is c w w i t  iiip a 11 iiifornily t ruiisvww mot ion,  
a t  a ttmpcmture grntlirrit there will br pliase shifts arid ti 

propagation of the oscillatory motion in t.hc longitudind 
dirrctioii. ‘l‘hc.rt~for(~, althorigh tlic wave-equation solution 
for a trnnsvrrsr standing wave may adequatelj- clrscrihc 
thr trunsvciw gas motion, tliwc will be a lorigitutliiinl 
componriit of tlic gns motion in  the pressure-propnputioii 
tlirwtiori. ‘I‘liiis, i t  woriltl swrn that t l ic only possil)lc~ t w i -  

fusion t h t  c~oultl l)r c u u s ~ l  t>!- iit.plcct of vrlocsity anti t tm-  
peraturv gradients would lic iri tliv idciitification of a Ion- 
gitutlinal modr by a longitiidinal prtwure survey. Ysually. 
considrration of t l i r  frcclurnr!- alone 1t.atls to a r a t l i i ~  witlc  
c~lioic~c~ of possihl(. niotlrs of oscillntiori. s iwc  sound spc~cl  
is rarely known accurately. 

In burner oscillations, amplitudes are reached that far 
exceed the values commonly referred to as infinitesimal, for 
which the wavr equation in its linear form npplies. Kefrr- 
r n c r  6 sliows that for tlirse tiigh-amplitritlc. wuws nlriio$t 
~ n y  wavr form tcntls toward tlir saw-tooth wt~vv foim Iw- 
cause of tlie diffrring acoustic ve1ocit.v i n  tlir c.omprctssrtl 
u i i t l  rarc4ictl gas. Ttlis tcii(lrnq- toward anw-tooth f o m  
rvoultl not’ iicc(~ssarily ctitirigt. t hc frcqueiicy of oscillutioii. 
siiicr, w e n  for waves of as m i d i  us  2 ntmosplicres pcnk.to- 
p:wk tiniplitritl~~, ttiv appurrrit proimpition rutr of u truin of 
W ~ V C S  docs not tlifi’w apprc*cial)lp from sound sp(w1. ‘I’hcrr 
would be an effect, however, in that the waves constituting 
either a standing- or traveling-wave oscillation would be 
asymmt’trioal. A w r y  simple way of drmonstrntiiig tliis 
c#wt is 1))- ctonsidtbring equation ( 1 )  for thr rase wtirrc. 
{=r i=O.  Sincc a sum of solutions of the form thus obtainctl 
is also a solution of the wavr cquatiori, an equution cltlscrib- 
ing a standing-wivr systrm romposccl of sn\v-(ootlt n-:i\-tns 

may hr clcrivcd : 
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Traveling wove Slondinq wove 

_ - - - - - _ _  - -  - - - -  
/ - -  * - .  

previously mentioned. I n  both cases a mode could be 
identified readily by measuring the intensity distributiorl 

e _ - - - -  

tain amplitude and frequency distribution about a circum- 
ference in order to distinguish between standing and traveling 

0 
@ 2 r f / =  K/4 @ 

F I C ~ V R E  lZ-l.--Distribution of prwsure and vdocity fur stuudillg and traveling transverse WBVCS through half a cycle 
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idwtificantioii is to give n 'clur. to t h e  best manner i n  which 
rliinipiiig inti>- 1)c applicd; tlicrc~forc, :I rigorous determiriation 
ns to wtic>tlicr ii  trarisvchiw r n o c l c .  is triiwling or stnritlirig is 
riot importtilit, siiicc ttir (Imiping of both \FI~V('S would 1)r 
t he same. 

THE BURNER AS A HELMHOLTZ RESONATOR 

Rotti ranijet clnginrs aiitl turbojet aftcrhurners ordinarily 
include a subsonic tliffuscr of smiillrr cross section than ttir 
combustion rliambrr. This gcometr.v is analogoris to that 
of t l i c  Ht~lrnliolt~ resonator. A mode of rtwmmce sliould 
t l i w  be possitdv \\ litwin t tit. gas i n  tlie diffuser oscillutcs 
back and forth and that in the combustion chamber under- 
goes pressure fluctuations. Such a mode of resonance would 
be less probablc i n  the afterbiirncr, since tlie pressurc drop 
wross the turbine ensures a nearly constant flow of gas into 
the afterburner. 

Like any other form of oscillation, the Helmholtz type re- 
quires that energy be available to sustain it. In  the ramjet 
engine, there are three mechanisms by which the available 
cnergy ma>- be applied. 'I'lie most obvious one is that 
tlepentling on a time-varying heat-release rate within the 
(sonibustor. Another relitis on a variable pressure recovery 
of tlie supmonic diffuser, thus using the kinetic energy of 
the  incoming air to drivc thr oscillation. Still a third 
might employ a time-varying tcmperatiire or temperature 
profile u t  t tic c s h u s t  nozzle; this would not necessarily imply 
a varying heat-release ratc for the whole combustor. 

The effectiveness of varying heat release as a driving 
mtdianism can be easily analyzed. Assume first that the 
diffuser is of constant area and tias a pressure recowry 
iiitlependerit of mass flow. Let the temperature rise across 
the combustion zone be constant; the lieat-release variation 
is produced by variation of mass flow through the (noii- 
stationary) cnomhustion zone. Assume a choked exhaust 
riozzlr and neglect the prwsurr drop in  tlie rombristioii 
c.liiinitwr ' l ' l i t ~ i ,  if ttir deiisity of t t w  hot gas is 

m 

the linear tlifcrential equation for the gas motion is found 
to rontain the damping term: 

For maximum instability, q is assumed to be in phase with 
p p  8 .  Instability results, then, only if 

It is readd>- swn that, for rclalistic- values of ATB, the criterion 
bwomcs niharly 

( 7 )  

The case of Helmholtz oscillation driven by a variable 
For diffuser pressure recovery is treated by reference 7 .  

isothermal flow, a differential equation is derived to describe 
the gas motion. It may be writtcn u s  

where 

The frequency of oscillation (sec-') may then be expressed ns 

where P , , ~  is in pounds per square foot absolute. The  
system is seen to be oscillator?; if the quantity K2 is less than 
zero. The theoretical frequencies and stability regions are 
reported in reference 7 to agree reasonably well with experi- 
mental values. 

When heat is added in tlie combustion chamber, the 
analysis beraomes more complex. In  this case, rrference 7 
assumes a constant rate of heat release. This part of the 
investigation, then, includes oscillations driven by a time- 
varying temperature profile at the exhaust nozzle and by a 
variable diffuser pressure recovery. The effect of heat 
addition is to further redive the region of stable operation 
for a given configuration. A typical result is presriitetl 
iri figure 225 (ref. 7 ) .  This figure shows stability regions 
computed for isothermal as well as combustion conditions. 
The oscillation frequencies predicted were found in referencr 
7 to be considerably lower than those observed. Tlir 
observed frequencies were sufficiently high that the possi- 
bility of standing-wave resonance should be considered. 

Mass-flaw ratio, w/w,,, 

F I G ~ ~ R E  225.-Theoretical and experimental stability conditions of 
Free-stream Mach number, 16-inch ramjet using gasoline as fuel. 

1.77 (ref i ) .  
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The third factor by wliich a Helmholtz oscillation may 
Iw tlrivrn is a vnriable exliniist trniperature. Since the 
c~stiaust is u s i i i i l l ~ -  c t~ol i t~ l ,  i i i i  iiicwnscl in gtis tc~tiipt~i-nturt~ 
protlucrs t i  tlecri~ase iri nitiss flow. Thc onalysis of rc>fcrrric-c. 
7 does not deal with this effect alotie. However. since 
the heat-release rate is assumed constant, the variation 
in exliaust temperature with mass flow can be considered 
to account for the drcreased stability acv-ompanyirrg com- 
bustion (fig. 225). 

In  the actual engine, the stability tiepelids on all three 
fnc-tors. Potential instability with respecat to one may be 
ovwcome by the etfects of the> others. Tlw aiialysos avail- 
able are necessarily simplified, a mntheniaticnlly rigorous 
treatment being impossible for a real engine. The stability 
cariteria should nevertheless be indicative. 

Departures from the idealized condition affect fioth the 
actual stability region and the actual frequencies. The 
effect of through-flow is included in the analyses; the effects 
of finite sound level, spatial temperature gradients, and non- 
linear performance of exhaust and diffuser have not been 
completely discussed. Wit,ti respect to the stability criteria. 
the ultimate amplitude of the oscillation is probably not 
important. The criteria merely state t'hat' under certain 
conditions infinitesimal disturbances will be amplified. It 
is possible t tiat additioiial instability will result from finite 
disturbances, or triggers; tht> rffert of flow disturbance on 
lieat release cannot be expected to remain tirieur at high 
amplitude. 

To prevent the Helmholtz-type oscillation, the driving 
forces must be reduced or opposed. The driving force due 
to varying diffuser pressure recovery can be rrvrrsccl by 
using a diffuser with an  appropriate characteristic, that is, 
a diffuser whose pressure recovery decreases as the mass 
flow increases. The driving due to varying heat relrase (.an 
be reduced or reversed by ( 1 )  reducing the sensitivity of the 
c,ombustiori process to velocity or pressure fluctuations, and 
( 2 )  brillgiilg any residual perturtiations as far as possiblr 
out of phase with the burner pressure. Thc driving hy 
var)-iiig exhaust temperature can be altered by (1) making 
thr exhaust temperature insensitive to vetocity and pressure 
flurtuatioris, and (2) controlling the residenct~ time of tht' 
hot gas and hence the phasing of the reflected prcssure. 

According to reference 7, the least oscillation should be 
found for a ronfiguration employing a long diffuser and a 
small c.ombustion-c.tinmber volume. The  reduction of thr 
sensitivity of the combustion process might, result from 
(1) removing the flameholder from the high-velocity per- 
turbation region, and (2) using a fuel whose reaction rate is 
little affected by variation of pressure and temperature. 

Control by viscous damping seems impractical, though 
theoretically a large friction loss i n  the dif7usc.r would br 
effcctivt.. Anotticr th twv t i cu l  possildity woultl tw to m i -  

trivt. tt prc.ssurc-sciisitive rxhttust riozzle wtiose cffwt ivc. 
arcla would incrcwie with prvssiire. 

SYSTEMS OF OSCILLATION W I T H  N O N A C O U S I I C  ELEMENTS 

Two types of oscillations that occur in burners and can 
be amplified in a burner cavity are discussed in reference 8. 
The first is vortex sticclding from cylintlriral rods. Thcl 

frequency of vortex shedding from a cylindrical rod is 
given as 

i I O )  1 - ?  =0.185 - 
d, 

Reference 8 found that the vortex shedding owurred with 
or without a residual flame burning in the rod ivakr., thv 
frequency in both cases being quite (dose to the value cal- 
culated by equation (10). 

Reference 9 shows that it is possible to c w i t e  v o r t r s  
shedding where the flame is a11 attac-tied fully clovc~loptvl 
V-flame in the wake of the flanwtioldrr, although t t i c  frr- 
quency in this case isabout twice that given by c~quatioii ( 1 0 ) .  

When the frequency of vortex shedding coincides with 
the frequency of the supported cyliii(Iri(~d rod, t h c a  c~nsuing 
vibration is greatly umplifiecl. This is the s o u r c ~  of t t i c  

musical note in the aeolian harp and is given a rather geiicrsl 
investigation by Strouhal (discussed in ref. 2). 

The second type of periodic disturbance due to unstable 
flows cited in reference 8 is an oscillation with a frrquencJ- 
allied with the flow velocity but not dependent upon flarnc- 
holder dimension or duct length. This form of distur1)aiic~c~ 
is probably due to the unstable shear region generated by 
a flame i n  a duct (ref. 10). I n  referenre 9, a stability anal.vsis 
of Scurlock's flow (ref. 10) was made, and i t  was found t l i i i t  

the frequency (sec-I) a flame would amplify most WHS . 

( 1  1:1) 

In an experimental ctiec-k on this result, reference 9 shoms 
an anchored V-flame to tw most srnsitive to an itnpnwl 
disturbance with frequeric*y 

i l l t ) )  

The rcbsults of rrferrnw 8 give frquwicy mow nearly c y u 1 1 1  

(11c.i 

Tlir inuiri point i n  ttll of this is to  stiow that a frwlritwc.>- 
sensitivity exists for a flame a~icliored in a duct that c.ould, 
when tuned to e resonant frrquenc'y of the burner cavity, 
excite a high-amplitucle oscilletion. 

hnother form of ovrillntion involving rronacousticb t~ l t~nic~i~ts  
is tliscLussetl i n  refrrc~ice 1 1 .  A flow ciisturhttrice in tlw win- 
bustion chamber created a pressure pulse that. traveled 
upst,reem arid modulated the rate of fuel flow from a f u d  
i n  jt.c t,or. The modulated fuel-air mix turc. then t r a v t h l  
downstream a t  stream vclocit.y, arrived at, the ronihristioii 
~~tmmtwr. c-austd a charige in prrssure in  the combust iori 
cdiaintwr. a i d  sont a c.nrrt.spoiitlirig prc.ssrirr prilsc ripstr(1Nm 
t o  rvptiat t l i t '  (.y(.Iv. 
type. of ~ i o i i w n ~ ~ s t i c  vibratiori is given US 

to 
, 31 -m 

1 =u., 

Tlic~ frcyritvic*y of owillation for t'x' 

- I  

wliere a is 1280 f e d  prr second. iilso discussed in rrfcrcncc 
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11 is a type of oscillation involving recurrelit tlctoiiatioii 
originating in tlie boundary la\-cr of a duct filled witti a 
combustible niixturts. Ttir frtqiicwcJ- of this type of oscil- 
lation can be determincd from (yuatioris ( 1 )  arid ( 2 )  of 
reference 11. 

All t,hese types of osc*illntions woiild bo affected by the 
acoustic damping discusstd previously ; however, special 
treatment may be Liven th tw  typ:>s of oscillations. For 
example, the physical structure of the offcritling strut can bt, 
modified either in its rigidity or ii i  its size atid loration so 
that its natural frequcncics differ from t h e  cscitable frc- 
quencies of the burner ericlosurc. For the second type of 
oscillation, the injection pressure can be increased to render 
the furl-injection systcm rclative~ly insrwsitive to small 
fluctuations i r i  the caombustor prc~ssure. Tiiv oscillation 
involving recurrelit detonation was controlled in reference 
11 by the injection of chain-breaking additives in  the bound- 
ary layer of the combustion chamber immediately down- 
stream of the flameholder. 

Reference 12 uses a quasi-orie-dimeiisiorial plane-wave 
theory to express pressure-time relations i n  a buzzing ram- 
jet. This isothermal pulsation is assumed to be triggered 
by flow separation i n  the diffuser. The consequent momen- 
tary reduction in  mass flow is accompanied by a shift in 
the location of the normal shock and by pressure arid rare- 
factioii waves that propagnte into the conihstor.  These 
waves are reflccteti back arid fort ti betwrrn t h e  exlisust arid 
the ditTuser as the engine pressure slowly regains its original 
value. Then the cycle repeats. 

The cltiaracteristic of this type of instahility is tlir non- 
sinusoidal nature of the perturbation of the inlet mass flow. 
For as niuch as 70 percent of the cycle this flow is constant. 
-4t any station in the combustion chamber, tlie pressure first 
undergoes a sharp decrease, then (*limbs slowly badi to its 
original value, a t  the same time being modu la td  by the 
rw~ho ing  pressiire-rarefac,tion rouplcts. Variorts pre(lic*tccl 
prcwiirt~-tiitit~ ciirvtls are shown by referenw 12 to  c*orrcspoiitl 
amazingly well with esperirnental ones (fig. 226). 

This ‘type of pulsation is not combustion-tlrivt,n. I t  is of 
intewst as a representativc of nonsinusoitlal vibration sys- 
tvms, ariiilogous to ttitb c,lcctronic. rtblaxation oscillator. ‘ I ’ l i t w  

systems cliffrr from the sinusoidal oscillators in that not even 
u n  irifinitc~sirnal disturt)unce is ncwled to start th r  ryclt.. 

1NTERACTlONS 
ELEMENTS DISTURBED B Y  VELOCITY A m  PRESSURE OSCILLATIONS 

The  nature of steady flow through diffusers, around ob- 
structions, through prrforated liners, and particiilurly 
through the flame zonr is poorly untlrrst’ootl. Any nt tcnipt t o  
tlcscrihr proccsses that owur wlirn pressiirtx and wlocity 
iwillations iirv supwiniposrtl on t t i (% stivitly flow niiiy : I ~ ) I ) V : I I .  

prwumptiioits. ‘ I ’ l i i~  f w t  rvmttins. l ~ o ~ v ( ~ ~ r .  t l i t i t  i n  t t i c s  cmni- 

bustor r i d  oscillat.io!i> do vsist, €C\-i>ii t Itorigh ilisv~~ssing 
t t i v  offi~-ts o f  t h e .  oscillations on O I ( ’  1it’iiwssvs t l i i t t  1:11ie 
p1iic.r in a comhrtstor may Iw c w i s i t l m s t l  s l i i w  s p i ~ i * i i I i i ~  i o r i ,  

it is f d t  that to spwulutt is potcwtitilly innrr piwfit i i l i l r  t l i t i n  

to ignore. 

I ! I I 

Oistan 
from ir 

! -Exper 

.06 .07 , 

le. I ,  sec 
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velocity profile is csamined for neutral stability: 

l ' = . F k  sech' (@y) (13) 

Equation (13) was found (ref. 17) to represent profiles of 
misirig plane jets and wakes. I t  was found that the (lis- 
turbante vortices (for unsymnietric dist urbances) formtd 
two t n "  II i1istanc.r h npart. altrrnutrly alinctl as i n  the 
Kdrmdn v0rtt.x street. 'rhc relution betwrrn h und tlie 
distance k betwtvm rortices in a single train is given in 
rrfwence 16 as 

h 2  1 --- tanh-l - 2ak 

wliereas, for the RArmlin street, 

or the two agree if 

Since vortex occurrrnce in wakrs is possibly connected to 
the stability nf a mran wake profile, tlir problem ('an bri 
furti,t.i simplified by an  approximation of tt,c profilc with 
a broken-lint. V-profile A (ref. 9 )  and a study of tlir 
effect of density variations. I t  is found tliut tlir wave- 
length of the neutral disturbance of the V-profile is the 
same as for equation (13) when the V is of comparable 

wid th ,  nnd t,tiat rcdricing t l i c  tlrnsity of thv ivakc pnsrs l i t i s  

~1 stabilizing influrnw, h u t  clor~s not rcwtlvi. t l i t ,  profilia c o w -  
plt,trly stablo, at wivr lwgt l i s  l t u y  ( * o m p a r d  wit ti tli!, 

profile width. This is in qualitative agrccm~.nt with tlic' 
data of reference 10. The interaction, then, is this: Acoustic 
oscillations supply the initial nmplitudc to a flow tlistrirl)iiiic-t~ 
in a wake, which subsequently grows, decays, or rernairis 
uncliangect, tleprntiing on the wavclcngt ti of t l i r  ctistiirhiric~i~. 

I n  reference 18 the formation of the vortices was c,onsitlwc,tl 
the  key part in the driving of a transverse oscillation. I t  wis 
argued that tlic vortex zonr Irprcwntrtl ti z o n ~  of uniisiinlly 
intense mixing. The cycle of everits was as follows: 

( 1 )  Vortex formation at' thc. flameholtlr~~ 
( 2 )  Int,erist> mixing of hot cdiaust  prodwts with coin- 

(8)  An ignition delay 
(4) A rapid burning of the mixed vortex charge phased so 

Although the evidence presented to support. the modc.1 is 
far from conclusive, it points to a kind of interaction ttint 
might admit to control by chemical and/or physical imuns. 

I n  reference 5 ,  H study was made of tlie superiniposctl 
steady and time-vsrying flow t hroiipii a ,':-iricli-tiiaInr.tt.I. 
thick-plate orificc. 'I'lii. thickness of t h t .  tinie-varying flow 
boundary layer depended on the Rcymlds numbrr of t l i t .  

steady component of t lie flow. 'l'hc. t'imtx-varying flow 
profile through the orifire was essriit'ially that computable 
from the potential-flow theory, except for a thin boundary 
layer that depended on the Reytioltls numhrr of t,lie stencly 
flow, as shown in figure 227.  

The effects of pressure and velocity oscillations on fut.1 
flow and on mixing rates depend largely on t8he types of oscil- 
lations involved antl th t>  locat ion antl design of the f w l -  
injection systems. T h e  prt~ssure pulsations niay cliiwtly 
niodulat~r t,hc fuc.l-flo\v rate during tht. oscillation. 'Ih 
niajor rffcc-t on tlie niisinp rat(', Iiorvca~rr, will I)(, t l i u t  of t l i r  
timr-varying velocity, which will be most Ftrorigly f e l t  wlicw 
the oscillation contains radial or t,ransvt>rse compontwts. 

\lost studies to t.stublish tlAr fu~ i t lm~rn tu l  n u t u r i ~  oi 
flanic-stal)iliziiiF clmiciits rtvvgriize that Aow owillntioii~ 
greatly affect, ttir pt.rforniaiiw of flattic. stalilizcrs. 1ii.f'- 
e r w w  10 reports that ,  wlic'n rwonancr is c n c o u n t r r d .  blow- 
out velocit,y data cannot, be reproduced. 'rhcl possibility 
of duct rrsotiance in the study rrportcd in r r f rwnw 10 WIS 

removrd by placing the flamr stahilizer near the esliaust 
of ttie test duct so t,hat only a small portion of thr stal)ilizetl 
flame remained enclosed in  ttie duct. A number of invosti- 
gators mention the fact that, increasing duct length apptxars 
to inwease the instability of a burriirig riigiiie. This trrntl 
is illustratrtl by unpublishrd NACA data  i n  figure 228. wliivh 
shows blowoff limit,s for srvrral tliffvrrii t, veloc-it ics tis II 

funct,ion of ttdpipc. length and furl-uir rntio. ' I ' l i ~  f t i c . t o i  

affrcting hoth the flame stability and t,lit> lic~at-rt~lvusc~ ratt. 
is the prrviorisly mc:ntioned t(w&ncy of tho  timr-varying 
flow to follow potential-flow streamlines. This tendcncy is 
shown by the sequence of photographs in figure 229. Thus, 

bustible gases in the: vor t r s  

as to drive the oscillation. 
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a velocity diskurbancr at  the flamrholdrr, rather than 
separating at  the downstrrarn edge arid allowing for a 
sheltered zonc n herc~ rrcw*rilntioii miy owiir, will causr a 
penetration of this slielterrtl zone by an amount dependent 
upon the amplitude of the disturbance. The effect of this 
potential flow about the flameholder, then, will be (1) 
to hinder the recirculation in the wake of the flameliolder 
by an  inclusion of cold gas and ( 3 )  to extend the flame-front 
area a t  the flameholder, this extension then flowing down- 
stream a t  about strram velocity. 

I t  is felt that  tlir wrinkling of a flame front a t  a flame- 
Iiolder is one of several ways in which the flame area or the 
heat release may be varied during an oscillation. The 
sequence of photographs (ref. 5 )  in figure 229 shows the 
time history of D. wriiiklr from its gerirrntion at IL flnnirholtlrr 
to its disappearance a t  the flame tip. 

Reference 19 points out that  the stability of a hot-cold 
interface is markedly affected by  the accelerations occurring 
during acoustic resonance. The effect of acceleration is to 
destabilize if the acceleration vector has the same direction 
as the density gradient (refs. 20 and 21). 

Data of reference 19 show that a flat flame breaks period- 
ically into cellular flamelets in a resonating tube in phase 
with the gas acceleration. The phase relation required 
by  the Rayleigh criterion for driving standing waves by 
heat addition is thus met. The oscillations and the cells 
occurred in all fuel-air mixtures tested, but amplitudes 
were greatest in those mixtures in which cells formed spon- 
taneously; that  is, in downward-propagating flames that were 
unstable in spite of the stabilizing rffcct of gravity. 

To  treat this problem tileoretically, 8 periodically varying 
acceleration was substituted for the gravity acceleration' 
in the flame-front stability equations (ref. 19), and remark- 
ably good agreemrnt with experiment was nchicved. 'rhe 
same sort of substitution can be made in the stability analyses 
of references 20 and 21, in which a continuoris vrlocity 
distribution is assumed parallel to a sequenre of disconti- 
nuities in densities. 

One general conclusion might be drawn from these stability 
considerations: The  flame front clan be clrwnsitizetl i f  the 
dtwsity gradients are not parallel to prol)ul)l~ wcrlrration 
vectors. 

Some of the oscillations encounterrd in jt>t rngines rrach 
such violence that it is possible that Iargr reaction-rate 
changes accompany the oscillatioris. W h t L t  c v w  the direct 
cause of the increase in reaction ratr ,  t l i c  oscillation is 
certainly conducive to high performance in some cases. 
For rxample, reference 6 showed that during a screech con- 
dition the combustion efficiency for a simulated afterburner 
was 92 to 98 percent, dropping to 65 prrcent with the cessa- 
tion of scwerh. Thr rffwts of osc4lations on riozzlr and 
cliffubrr pwformanrr nrr to t l a t i b  iinknowri 

A f w  gcrieral rrmarks may be ma& ahout thr lo, ation 
of t h e  tlisturbcd rlrmrnts It  has 1 ) c w i  sliown that in somc 
('asrs a vrlocity fluctuation ('aris(~s t h e  smsitivc rlrmrnt to 
be disturbed; whrreas, in other cases thr  prcssurr fluctua- 

Fuel-air ratio, f 

F I G U R E  228.-Blonoff limits for 1-inch-diameter ramjet engine 
(unpublished NACA data). 

tion is responsible. Thus, if the oscillation consists of a 
standing wave, the maximum pressure variations will be 
found in those parts of the burner where the velocity fluc- 
tuations are least, and vice versa. In this case, the reso- 
nance may he reduced by judicious location of the sensitive 
elements far from their exciters. Such a remedy is available 
if  the mode of oscillation is one in which standing waves 
dominatr but is of no use if traveling waves dominate. 

EFFECTS OF PEEDBACK LOOPS ON PRESSURE AND VELOCITY 

In genwul, any self-excited oscillation may be considered 
to involve a feedback loop; that  is, a means by which the 
effect of a givc>n signal is ultimately to generate another such 
signal. TVtien very high frequency oscillations (wavelengths 
on the order of a burner diameter) are involved, the signal 
will probably be acoustic throughout the cycle and will 
therefore travel at velocities of 1200 to 3000 feet per second. 
A t  lower frequencies, the frrdback loop may include such 
elements as variation of gas composition, which will be 
transported a t  strram vrlovit irs. 

Jf the oscillation is assiimctl to t)r combustioi~-driveii, earh 
cycle will incluclr a variation of hrat  rdcase that may hc 
4tiier local or over-all. 'Phis variation will, in turn, pro- 
duce pressure and velocity waves moving upstream a t  n 
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FIGURE 229.-Stqu~nce of flame shapes for one cycle at intervals of tinw. Timc increases clockwiac; frequericy, 329 rps, vrlocity, 1.378 fret 
per second; fuel-nir ratio, 0.080 (ref. 5). 
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sptwl nl , , ( l  --\Ifn), and dowristream at uout( l  +-Ifout). A 
composition antl a tcniperat i i w  irregularity will also be gcw- 
crut c d  mid will movc clownst r v m i  at a velocity (Jfoz,f). 
‘l’lie problem then brconies onr of defining the possible 
methods wlirreby these waves can produce subsequent 
clianges in t h c  heat-releasr rate. 

If thr gas velocity is sonic a t  the exhaust, an impinging 
prtmrirc wave will reflect, and a pressure wave will tlien 
propagate upstream. A momentary increase i n  tempera- 
ture, on thr  other hand, will be transformrd into a. rarefac- 
tion ware traveling upstrram. These wavrs map affect the 
licat r t h s c  RS they pass througli the combustion zone by 
modifying tlie pressure and temperature therein, or they 
may have nn indirect effect after passing through tlie rom- 
bustion zonr. In the latter c’ase, the effect of sound waves 
traveling upstream from the combustion zone may be con- 
sidered, regardless of whether the waves originate in the 
time-varying combustion or whether they have already re- 
flected from the exhaust nozzle. Such waves may affect the 
subsequent hrat-release rate in many ways, among which 
are ( 1 )  clinnging tlie flrlmr area as tlie wave passrs ttie 
flameliolder. (2) changing the velocity profile upstream of 
the flnnieholcle~r, (3) altering tht. local fuel-air ratio as the 
wave passt’s the  furl injectors, (4) altrring the mass-flow 
rate into t t i c  diffuser, and (5)  reflection from the inlet 
tliffusrr followrtl by any of the aforrmmtionrd interactions. 

This summary of possit)lti interactions is intended to be 
suggestive rnthcr than exhaustive. Additional signal chan- 
nels such as ttie shedding of vortices, mechanical vibration, 
and modulation of f w l  spray or fuel rvaporation character- 
istics should tw noted. 

The fundamental frequency for any loop can be deter- 
mined as the reciprocal of the time required for the signal 
to travel the loop: 

‘ - I  

/’= ( c+- ) 
Ailtliougli i t  is impossitlle to assign a given loop dcfnitcly to 
a known frrqurncy, it is possible to eliminate from consitler- 
a t  ioii t Iioso c.1ianne.l~ rcquiring untlrily long or short i r i  twvals. 
Son:(% c * > i i i t  ioii is ncrrssury; i f  various c.tiunnr~ls nrc simulta- 
I I c~oual y u ( -  t i vr  , t h e f rcq uei i r y netd 110 t be t hr f undamr i i  t a1 
of all antl may not he ttie fundamental of any. It is highly 
probable that, with the multiplicity of potent,ial fredback 
loops, mmiy may rontribute to  8n.v given frrquency of os- 
cillatioii. I t  is likt~ly that the mode of resonarice sditc-trd 
by the burner will be that for which the energy relcased 
from the individual feedbacks is greatest. 

All the fertlhack loops consitlrretl h a w  onr element in 
caommon: Thr  signal is carried upstream as an aroustic 
wuvc. This suggi’sts the possibility of controlling t t i c w  

oscillatioiis t4tlic.r by tlanipiiig this witv(’ or by tl(wnsitiziiig 
t t i c t  rlcmcwts i t  will uffrc-t. Orw mrthocl of clernpiiig niiglit 
he to providc, c~liaiinc~ls of varyiiig acoiistiv I(wgtii from t l w  
flamc~holtli~ to t t i v  rrgiori of iiitrrcst, so that t h i ~  original 
wtive woultl tw broken tlowii into ti seritls of smallrr wtLws 
arriving one after another. 

The case of oscillation of very high frequency c311 be con- 
sidcrecl ardogous, except that the signal may be propapat- 
irig transvcrscily for much of t l i c  cyrlc. 

SIGNIFICANCE OF RESONANCE STUDIES IN DESIGN OF 
JET-ENGINE COMBUSTORS 

DESIGN CRITERIA EASED ON MODE OF RESONANCE 

The application of results of resonance investigations to 
the design of jet-engine combustors is somewhat limited 
because of the opposing requisites for good combustion and 
less resonance. From acoustic ronsiclrratioris, the f r n t  urm 
of current combustors are more likely to produce than to 
reduce resonance. Current designs are symmetrical, smooth. 
hard, and uniform. On the other hand, less resorialice 
would be anticipated if no two surfaccs rrflertcd waves 
alike, absorbed waves alike, nor had parallel walls. The 
optimum combustor design must necessarily be a compro- 
mise between the two extremes. 

I n  the actual design of the combustor, the siniplest rule 
to apply would be to acoustically soften those parts of the 
combustor where possible modes of oscillation would have 
pressure maximums. Thus, for the longitudinal wave. 
the softenrd part of the burner should be at  the terminutioiis 
and a t  the walls near the terminations. For tratisverse 
modes of oscillation, the wall surrounding the region d i e r e  
the transverse oscillation might occur would t)r indiciitrtl. 
If the walls are softened by use of some sound-ubsorhing 
material such as filaments of glass or steel wool behiricl a 
perforated shell, it  might be well to place such sound- 
absorptive material in a random distribution of putcdics, 
random both in size of patch and in location upon the wnll. 

If the flame is driving the oscillations, and it appears that 
this is the case in a large number of instances, it is well to 
keep the flame away from regions where the pressurc gocs 
through its maximum excursion. This means that tlir 
maximum reaction zone should btb kept away from prt ?Yb -. I I rt’ 

loops in the stancling wave, away from the temiinat irig ends 
of the combustor in tlie case of longitudinal standing wave, 
and away from the wall i n  the case of trxnsvcrse starictiiig 
wave T f  thr combustor is of such a riaturt> that stratifi- 
cation of hot and cold gases is implicit in  tlici clrsigri. sric.11 

hot and cold patches might be sized and spacwl to act as 
sources of wave interference. 

After measures to reduce oscillations haw beeti applircl, 
i t  may be fourid that a given conibustor still oscilltlttls ut 
particular operating conditions. If the mode of this oscilla- 
tiori can be identified, corrective measurrs specaific to that 
mode may then be applied. Table 99x1 gives a summary 
of corrrctive measures for specific modes of oscillation. 

DESIGN CRITERIA BASED O N  SENSITIVITY OF DISTURBED E L E M I 3  TS 

If LL componciit part of the cwnt)usto-. sui-li u.J t l i t .  f l ~ ”  
holclvr is a sensitive t h i e n t  iii t tic. f i w l h n c ~ k  loop rausiiip t l i c  
self-excitcd osrillatioti, tit Iwst orir dcsigii 1-ritciriori ( w i  be  
rniployetl. If thc .  elemrrit is srnsitive to vclocitJ- or prcs- 
sure, i t  can be moved from the locus of maximum velocity 
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TABLE SSS1.-SUGGESTED 3lETHODS FOR COSTROLLISG 
V;\RIOVTX T I  PES OF OSCILL.kTIOS 

~ ~ ~- . ~~ - -~ ~~ ~ ~ ~ 

l Type of oscillation ’ Control possibilities ! 

Resonance: I 

j is not responsive to pressure 
and velocity fluctuations. I Absorption by tuned resonators. ’ 

Longitudinal. - - ~. . . - - Absorption of sound at burner i 1 terminals. stratification of 
’ flow t o  give traiisverse varia- ~ 

Radial__. . ~ -. . . -. . . ~ -~ Absorption of sound at burner i ’ Diffraction and reflection from 
, temperature variations ( t r a n s -  I 

Nonreactive layer a t  a a l l  and I 

i- 1 
I All modes.. . ~ ~ . ~. . .I Use of a fuel whose burning rate ~ 

tion ot acoustic speed. 

wall or burner center. 1 
veme). 

1 Transverse __._..._._. 

I Helmholtz - - - -. -. - . - 
I 

Nonacoustic feedback : 
Modulated fuel flow.- 

Modulated fuel-air ratio 

Vortices shed from u p  
stream obstruction. 

center. 
Absorption of sound at burner 

walls. 
Nonreactive layer near wall. 
Diffuser design for negative pres- 

sure recovery against flow 

Long diffuser. 
Small combustion chamber. 
Controlled residence time. 

slope. I 

____ - 
Increased injection pressure. 
Increased mixing length. 
Increased mixing length. 
Location of fuel injectors away 

from time-varying velocities. 
Streamlining of obstructions. 
Location of obstructions farther 

Location of obstructions out of 1 upstream. 

line with flameholder. 
Flow-sepration modu- 1 Design to prevent separation. 

Relaxation oscillation-. Supercritical operation. 
Detonation in bound- 1 Nonreactive boundary layer. 

Addition of chain-breaking s u b  

Temperature distribu- Extra mixing for flat exhaust- 

lation. Removal of separation wake from 1 reaction zone. 

ary . 
stance to boundary. 

t ion reflections (ex- temperaturn profile. 
haust) 

or pressure excursion. Other remedies equally as obvious 
would be either to desensitize the sensitive element com- 
pletely or to shift its sensitivity to a frequency range that 
does not correspond to a possible mode of oscillation in the 
combustor. Some sensitive elements can be desensitized. 
For example, a fuel-injection nozzle that can be influenced 
by pressure pulses could be desensitized by increasing the 
pressure drop across the injector. A fuel-air mixture could 
be desensitized by the selection of either a new fuel or a fuel 
additive tha t  would cause a diminished response of the 
combustion process to disturbances in pressure and tem- 
perature. 

THE FUTURE FOR COMBUSTION OSCILLATION 

There is an ever-growing group of workers who belicwe 
that combustor oscillation has evidenced such impressive 
advantages that 8 far more profitable (‘ourse to follow would 
be to study the control arid use rather than the elimination 
of oscillation. Measurements indicate that a work cycle 
over and abovr. the steady-state work cycle is involved in 

t h e  oscillatory motion; tlirrefore, tliere is clrarl?- a ltirgo 
quttntity of energy,addrd to t h t .  gas i n  part i n  the form of 
additional mixing. Combustors clrsigiit~tl to operate a t  lon- 
over-all fuel-air ratios have been shown to perform best if 
the combustion occurs in mixtures near stoichiometric with 
the combustion products subsequently diluted with the 
remainder of the air. The screech cycle might well be used 
to expedite this mixing. I t  is not clear tiow much of this 
extra energy is directly available for producing thrust. 

Reference 6 shows that in  the case of screec.11 tlie masinium 
pressure amplitude in a transverse osc*illation occurred i i i  

a very short region relative to the over-all length of the 
combustor. If the burner were strengthened only in this 
region to allow for continuous operation without shell failurtb 
(ref. 22) ,  the increased combustion efficiencies accompanying 
screech might be retained without a prohibitive weight 
penalty. 

In reference 9 it was found that oscillations introduced a t  
the flameholder could increase the heat-release rate of an 
inefficient burner by 30 percent with a sound level i n  the 
duct a benign 93 decibels. For such a technique’the benefits 
of screech might be realized without need for increased 
structural strength. Oscillations in combustors have ap- 
peared in many forms since the advent of jet propulsion. 
It would seem a safe guess that still more and different 
appearances lie ahead. A great deal of work on momentum 
and mass transport, combustion, arid allied subjects in an 
unsteady nonhomogeneous flow field is needed before the 
current and future oscillations in combustors can be intel- 
ligently handled. 
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CHAPTER IX 

SMOKE AND COKE FORMATION IN THE COMBUSTION OF HYDROCARBON-AIR MIXTURES 

By ROSE L. SCHALLA and ROBERT R. HIBBARD 

INTRODUCTION 

There has been no consistent usage of the terms smoke, 
soot, carbon, carbon deposits, or coke in referring to the 
solid products arising from the incomplete combustion of 
hydrocarbon fuels. In studies of single combustors and 
engines, the solids discharged with the exhaust gases are 
usually called smoke, and those deposited in the combustion 
chamber are usually called carbon, carbon deposits, or coke. 
Since the so-called carbon and carbon deposits are not 
vliemically pure, the word carbon is rest,ricted herein to the 
pure eltment. Therefore, for combustor work, smoke is 
clefiried as the solid discharged with the exhaust gases and 
~ o k c  as the material that adheres to the combustor walls. 

Deposition of coke arid formation of smoke are both unde- 
sirable in  the operation of turbojet rombust,ors. Of the two 
ftwtors, ( d i e  deposition preserits the more serious problem 
bccaust. of its adverse effect on combustor performance and 
life. Escessive smoke has no effect on the engine but does 
offer a military tactical problem, in that the presence of a 
snioke trail facilitates aircraft detection in combat. Unrlcr 
vrvy severe conditioiis. smoke map hamper landiiig-Seld 
operations or become a nuisance to personnel. The loss in 
fuel heating value attributable to smoke and Goke is unim- 
portant, even under the worst conditioris. For example, thtx 
1ieavit.st 1-oke deposits found in singlr-combustor tests in 
I c f c r t w w  1 a m o u n t e d  !o only N . 7  prunis for 1340 poutids of 
fuel, or a loss of heating value of 0.004 ptvwnt tlur to cwkc 
deposits. Similar calculations have not been niatle for the 
loss tluc to smoke, but probably there is no loss in combustion 
rfficiency attributable to smoke. 

In coutiiiuous-c~ombilstioli t.ngitit.s. t tit. tetitlmry to form 
coke or smoke varies more among petroleunl-tlerivetl f u t k  
ttiati does any other combustion propvrty. Thc.re is very 
little tliffcrewe in the fundamr*ntal flame veloc*it,y, mini- 
mum ignition eiit'rgy, flamniahility limits, qiieiictiirip tlis- 
tarice, flame temperature, or heat of combustioti for various 
batches of fuel suppl id  under a single spccificatiori or P V C ~ I I  

for fuels meeting different specifications. Hoa-cvw, n d t .  
diffwerices may o ( ~ u r  i n  the rokiiig and smoking t c w l c i i t i c ~ s  
of jet fuels. 

111 a(1rlitioii to voke ant1 smokc c,orisiclr.rntioris, t l i v  c 4 f w t  
of fu r l  composition oii flumc ratliatinri mup ulso 1 ) t ~  itnportnrit. 
Carhori is tliv oiily solid that can I N  fornicvl ir i  t l i t ,  c*oml)~rs- 
t i o u  of hytlrot~arl~oiis; and this solid can, uii11(*r s o i i i t *  biirriiiig 

coirclitions, greatly affcc-t tlic amount of ratiiatioii w i i t  tmI 
by a flame. Radiative heat transfer is ail important consitler- 
ation i n  cngine design and, along with coking and smokirig 
t t>riilericic,s, bt3comes inrrrtlsirigly important with Iiigli- 
c0IIl~)rt'ssiioII \ 'llgilr~~s. 

2 I:! 

The control of coke and smoke and of heat-transfer factors 
in turbojet engines has been accomplished by proper coinbus- 
tor design and by  the control of cert,ain fuel properties. 
However, in this field of combustion research, II fruitful 
laboratory study of funtlurnrutal factors may yield air ui idw-  

standing that would facilitate engine design. l h i g  i i i w s -  

tigations have been conducted on both the fuel atid the flame 
environmental factors contributing to smoke arid cokt,. 
The greater part of this work has dealt, with burning in the 
gas phase and therefore with the formation of smoke. From 
such work, the fuel factors affecting smolting tendrlicy ha\(. 
been fairly well defined. Relatively little has beeii donc. or1 

a laboratory scale regarding coke formation because of t l w  
difficulties in simulating t tie mginr coiiditiorts i i r  wliicli 
liquid fuel impinges on hot nictul ii i  the preseric~ of flanw 
and flowing gases. This rliapt ixr summarizes the l a lmra tn r~  
pliasc~s of smoke and t*okc formation nncl tlescribcs t l i c  prop- 
erties of these materials, t l i c  effect of variabltxs on tlrc fornlu- 
tion of smoke a d  coke, airti t l i c  c~lirmical mehariisIris pro- 
posed for their formation. 

PHYSICAL AND CHEMICAL NATURE OF 
SMOKE AND COKE 

S M O K E  

Liimiiiotrs hyclrocwhm f l ~ ~ i ~ c , ~ .  tlistiwt from so-cdletl 
iio~ilumitiou~ ones. c\rnit :I pcllo\v riuliat io i i  t l iut  l i u a  IL I)lnc*k- 
h l p  t . i i c~r~~-nnvc~ l (~ i ip t  11 (list ri1)iit i o i i .  This hlat:k-l)oiIy (lis- 
tribut ion can IN,  m i i t  t t v l  oiily by iolitls T l w  oiily possihitt 
solitl protliicts froni l iy t l i*o~~urI~oi i  cwnihiist i o i i  t t w  v i t  l i ( . i .  

rarhoii or i i i a tc~ i t~ l s  c*otrtiliiiiiig very liigli pc,rccllitcrgt>F of 
( * ~ ~ r I ) o r i .  'I'li(% ~ ~ I Y ~ s ~ ~ I I ~ ~ I ~  of s i i ( . l 1  n i i i t e b r i l l s  i i i  Iu i i i inol is  I l i i ~ t i c ~ s  

is c y ) i i ; i r n i c s i l  1)y I 1 1 1 s  c l ( t l ) c ) b i t h  f o i , t i i ( - t l  ( I I I  i~ cwltl p r o l ) ~ ~  piisxi(l 
t tirougli s1i(*11 :I Iliiiiic. L'ii(lvr soitic c~iiiditioris, t l i c .  solit ls 

art' rc~l~~:t.;cvl f rom luniiiioiis fliinrc~s tis rmoke. 
Tlicw niuttbrials arc' forriicvl tluriiig t l ip roin0riatiori ( i f  

I i ~ t l i ~ o c ~ i r r ~ l ~ c ~ i i s  oiily n . l i c . t r  I l i t ,  sysicliri is fwl-rich, c4tlicbr. over'- 

ull or l o d l y .  T l i c w f o i x ~ ,  I l i t ,  iiiost fimiilitir typt's of siolitl- 
formirip cwnbustion prowsss"s : i r ~  tlir caiitllc or widi-ltinip 
c l i f f i i s i o r i  flmit~s, w h t w  f i i d  a l o i i c ~  is i ~ * l t ~ t ~ s ~ l  locully aiitl 
burr is  diffiisivv niisiiip wit 1 1  osyg:c~ii. Tlitw Iiytlro- 
c*tirhoii tliffrision fl i i i i ios U I X L  iil\viiys I i t~ i i ino~s  ut atniosplic*ric* 
piwsi i r (~ t i i i t l  o f t i n t i  S I I N I ~ ~ .  I'rt~riiiwil f r i t . l - o s i t l a i i t  sys- 
t ~ ~ n i ~ .  stirti as t l i v  1 3 i i r i s v i i  I i t i r r i c ~ i ~ ,  I L I T  not Iiirniiious ~ i i i I ( ~ s  

t Itcgy tir(* (JIJ(YXI(VI f ~ r c ~ l - r . i i . l i  o v c ~ i ~ - i ~ l l .  
i ~ r i c ( ~  2 ~ ~ r ~ ~ ~ ~ i i x o t l  l ) t ~ i i x ( ~ i i ( ~ - t i i i ~  I l i i r i i i s s  \v(srr f o u t i t l  to I)(* 1 u m i i i o i i h  

otily w l i c . i i  [ l i e ,  c~cliiiviil<~iic.c~ nit io c ~ s c x w l r c l  1.4 ai111 to l ) ~ ,  
siiioky ouly u t  Iiigliw rutios. 

The smokc released during smoky combustion is not purib 
carbon but h s  bcrit stioa~i hy c-tiemical analysis to bt3 ti 

conit)iiiatioii of c-nrk~ori, tiytlropw, n1id oxygen. -1 typiviii 

Poi. t ~ x t m i p l t ~ ,  i v a  rvfebr 
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analysis (ref. 2) s h o w  96.2 percrnt carbon and 0.8 pe rmi t  
hydrogen, with the remainder l)elievrtl to br oxygeii. Similar 
results havc heen obtained in tlic analysis of carbon blacks, 
wliich are the products of snioky combustion in diffusion 
flames. 

Hydrocarbon-derivetl smoke is crystalline on a submirro- 
scopic scale. X-ray diffraction studies show the basic 
element to be a crystallite with a mnjor ctlge length of about 
20 angstroms (ref. 3). The atomic structure consists of 
several layers of distorted tiesagorial lattices, with the lattice 
substantially the same as that found in the graphite form of 
carbon. The distortion is believed to be due to the presence 
of about 1 atom of hydrogen for every 10 atoms of carbon, 
and the preceding elemen tal analysis has approximately this 
hydrogen-to-carboii atom ratio. 

WIien the same smoke was examined by electron micros- 
copy (ref. 2) ,  these crystallites were shown to be agglom- 
erated into nearly spherical particles of 0.01 to 1.0 micron 
(100 to 10,000 .4) diameter. These spheres, produced in a 
burner under a single set of conditions, were quite uniform 
in diameter and clung together to form an open, lace-likc 
structure. 

Although thc turbojet combustor operates n i t l i  an o w r -  
all fuel-lean mixture, a large amount of the burning reaction 
takes place in locally fuel-rich regions. These regions are 
presrnt because all the fuel enters th r  upstream rntl  of t h e  
rombustor, whereas the air-entry liolrs are distribritcd along 
the full length of the combustor. Flame in the rich up- 
stream end is highly luminous under many operating con- 
ditions, antl the environment in this region sliorild he con- 
ducive to the formation of large amounts of smoke. Since 
only small amounts of smoke, if any, are exhausted from 
most turbojet engines, it  appears that  much of the smoke 
probably produced in tlie upstream end of the ronibristor is 
consumed in passage through the burner. 

In rrference 2, the capacity of laboratorv flames i n  the 
burning of smoke was studied, and a strram of smolrr, 
freshly produced by a diffusion flame, was easily hurried by 
a secondary Bunsen flame. High concentrations of smoke 
can be consumed in this mannw. This is appurrntly con- 
firmrtl by electron micrographs of turbojet combustion 
smoke, in which the particles look like partially eroded 
spheres (ref. 2 ) .  Tlirir appearance suggests that splrcrical 
smoke particles are generated in the engine primary zonc' 
ant1 that tliesr particlrs are largrly burnrd away in  prissing 
through the, engine. 

COKE 

The coke found i n  turbojet combustors varies i n  riat ure 
from soft, fluffy material to hard, brittle deposits. Typical 
analyses of these types (ref. 4) show the soft coke to contain 
80.0 perccnt carbon and 2.0 pwccwt tiytirogrn, and tlrr hard 
coke to contain 92.1 arid 1.6 pvrwrit of c*nrt)on i ~ n d  hytlrogc~n, 
rwprctively. The rrmaintlw is hl ic tvc~d to I)(. niostly oxygen 
arid a small amount of sulfur ~~npiil)lislicti YACA cinta 
show that the sulfur content of caonilmtor cwkw varirs Nitti 
the sulfur content of the fuel. For rsamplr, coke-deposition 
tests were run on a fur l  containing 0.05 pwcent sulfur arid 

on t tir sanir furl to wliicli nlkyl tlisulficles wrrc atltlctl to 
raise tlie sulfur contrnt to 1.00 pcwrnt. 'rlic nrnourit of  
coltc forinrtl was substaritial1~- tlw s m w  for both fuels, but 
the sulfur contents of the cokes \\ere 0.7 and 2.4 percent, 
respectively. LTnpublished KACA data  also show t ha t  
combustor c ~ ~ l i e s  contain 25 to 50 perwnt of niatrritll tliat 
is soluble in carbon disulfide. This soluble matrrial con- 
tains aromatic rings ancl a considerable amount of carbonyl 
oxygen, as indicated by infrared examination of the eitrnct.  

X-ray diffraction studies indicate that combustor rokc 
has some of the c~ystallinr cliarartrr descyihtbcl for smoko 
Electron microscopy (ref. 4) indicates that tlie soft coke 
consists of nearly spherical particles imbedded i n  an amor- 
phous matrix. Howevrr, the hard cokr is a vitrvous mi- 
terial ~ i t h  no perccptiblr microstruc-turc. 

EFFECT OF OPERATING VARIABLES ON SMOKING TENDENCY 

BURNER GEOMETRY 

Diffusion flames.-The two principal types of uppnratus 
used to study the smoking t.endeiicy of diffusion flarnrs are 
the wick lamp and the conical or open-cup hurnrr. Of these 
two ni~tliods, the  wick lamp lias been u s t d  morr cxttwsivcly : 
liowevcr, the exact design of this lanip has varirtl apprrriahly 
froni one investigation to another. Tlie Davis factor lamp 
was one of the rarliest wick lamps t o  be tlevelopcd (19261.  
This lamp was later modified (ref. 5) ancl used for snioking- 
point determinations as recently as 1953 (ref. 6). In  1935 a 
test lamp (rrf. 7 )  was standardized by the Jnstitutr of 
Petroleum Technologists (1.P.T.I antl has betw cmplo?-rd by 
several investigators (refs. 8 arid 9 ) .  This I.P.T. lamp is 
used in t'lie current United States military fuel procurement 
specifications. The fairly simple lnnip shown in figurr 230 is 
a combination of the Davis apparatus and thc  I.P.T. lamp 
(risrd in ref. 10). A comparison of t l i e  data obtained with the 
various wick lamps arid ac~crssory tquipnivnt in(lic,titcs that, 
smoking trndrnries tlepencl on the gromrtry of t lrr apparat t i s  

und t tiat no simple comparison can bt, matle bet  w w n  snioke- 
point (lata obtainecl with ciiffcrcwt lamps. 

I l ir  miicaul  or open-(*up lanip is o f t  vrr rc4rrrwl t n 21s t l i t 1  

wicklrss lamp, sincsr t h e  tlanic~ t)iiims cliiwtly from t trr tup 
of u pool of liquid furl cTontninrr1 i n  a slidlow f i i n n r l  or ('rip- 
shaped vrssrl. Drvclopmrnt of t l i e  \vic-klms 0urnc.r is tlc- 
scribrd i n  referencr ! 1 ,  and similar t)rlrncm have becn iistd 

for investigations rcyortrtl i n  refiwncw 12 nntl I:$. 
'I'tie main advantage of the wickltbss lamp is that it (wi be 

used for the comparison of Icss snioliy fuels; siiwr flunil, 
Iieiglits up to 450 millinwtrrs may he measured ; \vhcrras. 
t,tir Davis wick lamp is limitrcl to 102, antl tlir I.P.T. lanip 
to about 50 millimetrrs. A romparison of thc I.P.'I'. lamp 
arid t h c b  wic-klrss lamp (rvf. 9 )  sliows t l i n t  t l i r  smoking points 
of vurious fucls mtwrrrrcl I)?- t l r t b  two rnr.tlIotls g r ~ v ~  a ftiir 
correlation, but t Iir cwrrrlatiori npprarctl logurit hniir rat1rt.r 
tlian linrar. Rtxference 9 reports that t l i r  wickless Innip is 
mucli niore ctifficult to oprratr than t l i r  l.P.'l'. lamp and 
recommends that it  be used only when the range of the  
I.P.T. lamp is exccedrd. 

I .  
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With all types of diffusion burners, the flame is enclosed 
by a glass tube that acts as a chimney and keeps ttie flanie 
erect and stable. 'I'h size and position of this chimney 
greatly influence the smoking point of the flame. 

The general procedure in using any of these lamps is to 
increase the fuel flow until the flame just begins to smoke, 
The smoke point may be detected visually, or an ice-cooled 
porcelain surface may be placed above the flame to collect 
and indicate the presence of smoke. A measure of the 
smokiness of the fuel mav be made in several ways. The 
technique usually employed is to measure the maximum 
height to which the flame will burn without smoking; how- 
ever, in two investigations (refs. 2 and 9), measurements 
were made of the maximum rate a t  which fuel can be burned 
without smoking, -4 comparison of the two techniques (ref. 
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9) indicates that the maximum burning rate is readily ob- 
tained and is more reproducible than the smoke-height test. 
I t  also represents more closely the information desired by the. 
test, namely, the relative amount of fuel that can be burned 
under standardized conditions before smoke becomes a prob- 
lem. Only when illumination is concerned does the height 
of the flame become a significant factor. The smoke-height 
test, however, is somewhat more convenient to use and there- 
fore has been adopted in the ASTXl procedure. Another 
method (ref. 12) is to pass a light beam through the chimney 
in which the smoke is issuing from the flame. A photo- 
electric cell indicates the amount of light absorbed and, con- 
sequently, a measure of the smokiness of the fuel. Also, the 
smoke issuing from various aromatic fuels burning at a given 
fuel flow has been collected and weighed (ref. 13). The 
greater the amount of smoke rollcrted, the higher the 
smoking tendency of the fuel. 

As previously stated, the smoke point is generally deter- 
mined by measuring the maximum height or maximum fuel 
rate a t  which the flame will burn without smoking. The 
higher the flame or the greater the fuel-flow rate, the lower 
the tendency for that fuel to smoke. Consequently, the 
smoking tendency is an inverse function of the flame height 
or fuel flow. Reference 14 defines smoking tendenr? S a5 
equal to a constant k over the maximum flame height br (111 

millimeters) and assigns the value of 320 to k: 
k S=-- 
b, 

The value of k is unimportant in the following discussion, 
but the distinction between maximum flame height and the 
concept of smoking tendency should be noted. 

Bunsen flames.-The smoking tendencies of Bunsen 
flames are reported in references 2,  12, and 15. In reference 
15 a rontinuous-flow apparatus was used in which stead? 
streams of both volatile and nonvolatile fuels could be 
mrxcd nitlr tiir ~ i t l w r  as vapors or as mist droplets, according 
to their vapor pressures. The fuel-air miuture was passril 
up a vertical tube after generation and tmrnecl on top I I I  

primttry tiir only The composition of thc. mixtiirc WLS 

determincii by atitdyzing t t w  ruliaust gasc~s. 
111 t i i r  i~ivt~stigstions rrportetl in r c f t v n c w  2 l t i i t l  1'3 t lw 

fuel was metcrrd from a burette and mixed with mt>ttwd t~rr  

The premixed fuel and air were then burried from s trrtw 
surrountlect by n glass tube chimney. Thc. effect of varying 
t h e  buriwr-tube inside diameter from 6 to 9 millimrtrrs was 
investigated in reference 2 ,  which showed that the smokiiig 
tendency was slightly reduced as the burner-tube tlialiwter 
wns tlccreased. The influence of chimney tength, diameter, 
and position with respect to the flame was also reportcti i n  
reference 2. Increasing the chimriry length from 120 to 
,500 niillimrtrrs c3auscd t i  rcs(luctiori i r i  smoki rig t ( h i i i l t w ( s J  

Clia~igc*s in  the diamc~trr t m 1  posit 1011 of t h i s  c8himiii.v qrive 
varied results, cleprridirig on tlw ooirvr~c.t~c~ii i i i  the c*hrniiic.J- 
In gtwtml, all c.1iinint.y vrwiablcs that r i d w w l  sniokt~ for- 
matiori did so by piieratiiig a flur effevt whicsh terultd to 
flow more air around ttie flame. If tlrc. burner tube was 
ductcxcl so that a controllrd swondary-air flow could be 
passed by ttic flanlci, t t i e  srnokiiig tcridcliry WLIS reduc3cd as 
t I r c  swoidary-air flow w t i b  i r i c r i ~ l t ~ t * t l .  
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FUEL-AIR RATIO 

Diffusion flames.-Thr cifrrt of over-all fuel-air riitio on 
the smokirig teritlcncy of laminar diffusion flames has been 
irivestiguteti bj- two different tecliniques. I n  reference 13, 
the air supply past the flame was maintained constant and 
tlie smoke issuing from tlic flame was collected a t  various 
increasing fuel flows. A plot of the smoke deposit against 
the fuel-sir ratio is sliow11 i n  figure 231. Since the airflow 
was constant, the ordinate is essentially n measure of the 
fuel flow. As shown in this figure, the initial incrrase in 
furl flow productis B sliurp iiicreasc in the amount of smoke 
collected. Xs higher fuel flows are reached, the amount of 
smoke produced appears to level off. 

In  nnotlirr roiitrollctl-air study with diffusion flnmrs 
(ref. 2 ) .  tlic. airflow rate past thc flumcl w i ~ s  increased ti? 
gradual steps, atid a determination was made of the maxi- 
mum rate a t  which the fuel could be burned without smoking 
at each given airflow. I n  figure 232, the maximum fuel rate 
for smoke-free burning is plotted against the airflow rate 
for eight pure hydrocarbon fuels. With initial increases in 
airflow, the maximum smoke-free fuel flow irirreases pro- 

Fuel-air ratio, I 

Pl(;tirw Z.%l.-\;ariation of carbon deposit with fiwl-air ratio for 
.\irflow past, flanw, 1 1 )  vvr.ral fricls hurrlirig 3s diflusion fit". 

litera pcr miniitc fwf. 14).  

0' .8 1.6 2 4 3.2 4.0 4.0 5 6 6.4 7b1U3 
1 1 1 1  

Maximum smoke-free fuel flow, q/sec 

FiCrrRE 2:32.-variation of mokc-free furl flow with airflow (ref. 2) .  

portionally, but evcntually a limiting fuel flow is reached a t  
which further increases in airflow past the flame do not 
permit more fuel to burn smoke-free. 

Bunsen dames.-The effect of fuel-air ratio on smoke 
formation from Bunsen flames is reported in reference 12. 
-1 mcmurc of the smoke density of tlic fuel was made by 
passing u light beam through the chimney in wliicli the smoke 
was issuing from the flame. A photoelectric cell indicated 
the anioiint of light absorhrtl as mt'asure of thc smoke 
formation. I n  this burnw, the paraffins, cyclopctraffiirs, u n d  
olefins, wi th  the cxctptiori of triisobutylene, could not he 
made to smoke even at the maximum fuel-air ratio that 
woiild support combustion. Figure 233 shows the variation 

Fuel-air ratlo, I 
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of smoke (pcrrciit light nbsorbetl) witti fud-air ratio for 
kerosene m t l  tmmititic iiiitl dicyclic conipourids. The air 
flow premised with tlie fuel was held constant at 4.1 10.1  
liters per minutta, and the fuel flow was increased to give the 
fuel-air ratios iritiicatetl. The  aromatic and dicyclic com- 
pounds began to smoke at  approxilnately stoichiometric 
fuel-air ratios. Wtli in experimentnl error, snloke for- 
mation from II Bunsen flenie appears to be a hiear  function 
of the fuel-nir ratio. 

TEMPERATURE 

Diffusion flames.-An investigation (ref. 8) of the effect 
of ambient temperature on the smoke point of five fuels 
burniug 8s diffusion flumes at three tcniperutlirrs ( O o ,  70'. 
and 90' F) showed the smoke point to be independent of 
temperature in the range between 0' and 90' F. Nor did 
the preheating of gases burning as diffusion flames to 375' F 
change the smohng tendency (ref. 2).  

Bunsen flames.-In references 2 a id  15 the effect of 
temperature on the smoking tendency of Bunsen flames was 
studied. The fuel-air ratio at which incandescent carbon 
was first observed and also the fuel-air ratio at which smoke 
actually issued from the flame were determined (ref. 2 ) .  
Over a temperature range of 82' to 842' F, the point a t  
which smoke issued from a p r e m i s d  benzene flame was 
independent of tenipcrature. However, the first appcurance 
of yellow iiira~itlcsccrit carbon in tlie flame occurred at  
slightly higher fuel-air ratios as the trmperatrlre was in- 
creased over this rangr. 

111 reference 15, only the 1Lppearanc.e of yellow irican- 
descent carbon in the Hanie was used to measure the effect 
of temperature on propane, proptwe, bcr~zc.~ie, ~ n d  keroscml 
flames. Over a tcmperutttrt, rii[ig(> of -40' to 92.5" F, in- 
candescent carbon in the flame appeared at  slightly higher 
furl-air riitins tis thc t rmperiiturr I\ 11s iiic~rrcisctl. 

PRESSURE 

tlle pressure, i t  was concluded tliat the rate of diffusion and, 
r*oiiscqueritly, thc  mte  of mixing of fuel and tlw may account 
lor the variation in smoke formatiori with pressure. 

0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Pressure, p ,  otm 

(a) Six hydrocarbons at pressurrs to 4 atmosphcrrs 
(h) T s o  hydrocarbons at prc*ssrlrrs to 12 atinosphtws 

(c) Various fuds arid blends at  prrss1irr.s to  4 atinosplic reLi 
FIGURE 2:H -Vurintlon i i f  m:rxinium sl i lOh~b- t r l~r~  iiii.1 Ho\\ I\ l th  pri 3- 

-itria rot 21 
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Bunsen flames.-In a spectroscopic study of a premixed 
ethene flame (ref. 17), it was observed that smoke started 
to form as the pressurr was increased. 111 refeirric%r 18 
(p. 170), the forniation of snioke from an acetylrnr-oxygen 
flame a t  various pressures was studied, and it was concluded 
that the effect of pressure on smoke formation from Bunsen 
flames is probably slight. Tlie effects that  reference 17 
observed were attributed to changes in experimental param- 
eters such as mass flow and the influence of the burlier wall. 
Since the results of the diffusion-flame study (ref. 2) indicate 
that the increase in sniokr formation with pressure results 
from the decreases in diffusion coefficients with pressure, 
the smoke formation from a Bunsen flame, which contains 
all its oxygen, should be independent of pressure if outside 
tliffusion effects are eliminated. 

EFFECT OF FUEL VARIABLES ON SMOKING TENDENCY 

EFFECT OF HYDROCARBON TYPE ON DIFTUSION FLAMES 

One of the first studies to indicate the importance of 
fuel type on smoke formation is reported in reference 19. 
The influence of fuel type on smoke has been more extensively 
investigated, and data have been reported for pure liquid 
hydrocarbons (refs. 2, 6, 11, 13, and 14) and pure gaseous 
hydrocarbons (ref. 2) .  Since each investigator employed 
a different apparatus, no absolute or standardized values 
are available; however, certain consistent trends have be- 
come apparent. For the pure hydrocarbon compounds, 
the smoking tendency among the four major homologous 
series varies as follows: aromatics>alkynes>monoolefins> 
n -paraffins. 

The magnitude of the variations in smoking tendency 
among the aromatic, olefin, and paraffin series is illustrated 
in  the following table: 

I 

~ Ratio of smoking tendency 1 
Rc~fvrc~iirc 1 Are;;;;; to i ~ ~ e f i n  to i ~ronia t i c  to 1 

paraffin paraffin 1 1 
~ 

I 2.34  ; 31. 8 I i 6- . -  ....-.. 1 15.7 j 1.51 1 23. 7 I 
2 -... ~~ .... 13.6  

The smoking tendency of the average aromatic is reported 
to be from 6.2 to 15.7 times greater than for the olefins, and 
16.2 to 31.8 times greater than for the paraffins. The 
smoking tendency of the olefins is about twice tha t  of the 
paraffins. The lack of quantitative agreement becomes 
readily apparent from examining the values in the table. 
The variations within the aromatic, alkyne, olefin, and 
paraffin scries are discussed in the following paragraphs. 

Aromatics.- As the preceding tablc iiichutc>s, tlic aromatic 
compounds have the greatest smoking tcridvncy of thc 
various classes of fuels. With benzene as refrrrncr, thc 
smoking tendency generally increases with the addition of 
a side chain of one or two carbon atoms; but with a SUE- 
ciently long side chain, the smoking tendency is reduced. 
The total range of flame heights among the aromutic ('om- 
pounds, howcvcr, is very small. For examplc, most iiivrsti- 

gators report the smoke-point flame height of benzene to be 
between 5 and 10 millimeters. The aromatics of higher 
smoking tendency have flame heights ranging down to about 
3 millimeters; and those of lesser smoking tendency, up 
to 12 millimeters. The total range of 3 to 12 millimeters 
is not very great compared with an  average paraffin such 
as hexane with a flame height of 150 millimeters. The 
experimental error, percentagewise, in measuring flames as 
small as 3 to 12 millimeters is very large. Since the nro- 
matics have an essentially uniform smoke point, it is diffi- 
cult to make a satisfactory differentiation among the various 
aromatic structures. 

Hunt  (ref. 6 )  attempted to overcome this difficulty by 
studying blends containing 20 percent of various aromatics 
in n-dodecane. This procedure increased the flame height 
of the benzene blend to 66 millimeters. Blends of about 30 
other aromatic and naphthalene compounds were studied 
in this manner; flame heights ranged from 36 to 81 milli- 
meters. Differences in smoke heights were thus magnified 
sufficiently to eliminate most experimental errors and permit 
a definite distinction to be made in smoke points among 
various aromatic structures. Variations in  flame heights 
for 20 percent blends of 30 aromatic compounds were plotted 
against the number of carbon atoms in the compound. 
Most of these are presented in figure 235. Figure 235 em- 
phasizes that substitution on the benzene ring may cause an 
increase or decrease in the smoke point, depending on the 
nature of the substituted group. Naphthalene and sub- 
stituted naphthalene compounds definitely exhibit a greater 
tendency to smoke than the aromatics. 

8 

0:;: 
F'C 

I I , I 

6 8 IO I2 14 
Carbon atoms 

FIQUBE 235.-Relation between molecular structure and smoking 
tendency for aromatics as determined in a modified Davis factor 
lamp (hy prrrnissioii from rvf. ti). (20-Volurne-prrc~nt blends of 
aromatic with n-+odecane.) 
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Alkynes.-Smoke-point data for the alkynes are limited. 
Refctwice 1 reports the  smoking tendency for acetylene, 
l-prop?-ne, 1-petit p i e ,  und l- l icx~-nt~. The snlokung tend- 
encies decreased slightly with increasing chain length arid 
were of about the same order of magnitude as for the aro- 
matics. Comparison of l-OCtyTiP and 1-dodecj-ne (ref. 6) 
showed a decrease in smoking tendency with increasing 
chain length; however, the smoking tendency for these two 
alkynes was appreciably less than for the aromatics. 

Monoolefins.-All the investigators have reported the 
monoolefk to be appreciably less smoky than the aromatics 
but of higher smoking tendency than the n-paraffins. From 
the data of reference 2, the smoking tendency is reported to 
increase from ethene to butrrie. References 2, 11, and 14 
indicate that. with olefins of five or more carbon atoms, the 
smoking tendency decreases with increasing chain length. 
Data  from reference 6 indicate that the smoking tendency 
is essentially constant for alI the olefins above five carbon 
atoms. The effect of the position of the double bond, in the 
one and tn-o position only, is reported by reference 6, where 
2-heptene is shown to have a slightly higher smoking tend- 
ency than 1-heptene; however, the difference is less than 6 
percent. I-Octene and 3-octene showed the same smoking 
tendency (ref. 6). 

Diolefins.-Diolefim (refs. 2 and 14) have appreciably 
higher smoking tendencies than the monoolefins. The 
smoking tendency of 1,3-butadiene is Iiighcr than that of 
most aromatics (ref. 3) .  As the chain is lengthened, the 
smoking tendency decreases. 

CyclooleAns.-Cj-rloliese~~e has a soniewhat higher smok- 
ing tendency than 1-heuene (ref. 2 ) .  Cyclopentene, how- 
ever, has an appreciably higher smoking tendency than 
cyclohesene or I-pentene and forms almost as much smoke 
us the aromatics. 

Parafins.-The n-parafiris are clonsistently rtbported to 
huve a lower smoking tendency than an?; of the other ho- 
rnologous series. Tlir smoking tendericy increases with in- 
creasing chain length. From ethane to hesane, the increase 
in smoking tendency is over 100 percent (ref. 2 ) ;  while, for 
compounds of 6 to 15 carbon utoms, the incwuse is generally 
about 10 percent. 

If the parafin chain is branched, the smoking tendency 
increases markedly. In  fact, a highly branched compound 
such as isooctane (2,2,4-trimethylpentane) has a higher 
smoking tendency than a monoolixfin of corresponding num- 
ber of carbon utoms (ref:6). 2,2-Dimethylpropane has a 
smoking tendency almost as great as I-pentene (ref. 2). 
The smoke points for several isomeric paraffins are plotted 
and compared with similar data for n-paraffins and n-olefins 
in figure 236 (ref. 6).  

Cycloperafflns.-Cyrlopuraffiris protiiiw niow smokc than 
the n-parafJins; the smoking ten(1cric.y tli~c*rrascs wit ti in- 
creasing ring size from tlirce to six ctwI)on utoms (rrf. 2) .  
The udtlition of a short side c h i n  to the ring iricrrnscs the 
smoking tendency; but, US the lengtli of tlie side chai~i is 
increased, the smoking tendency is reducetl slightly. Cy- 
clopentane with a side chain of 10 carbon atoms (decylcy- 
clopentanc) has about the same smoking tentlrricy us ryc*lo- 
piwtunr (ref. 6).  
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FIGITRE 216 -1Itrlation of molcriilar structure and sinohiiig tendcsiicv 
for pareffiris arid olefins as detrrmined in a modified Davis factor 
leinp i t)? pwmisuioti from rrf fi) 

Summary.-The smoking tendency decreases as follows: 
aromatics>alkynes>ole~lis>n-paraffins: 

(1) All t h  aromatics have a fairly uniform and extremely 
high smoking tendency. From an average of three investi- 
gations, the aromatics are about 12 times as smoky as the 
olefins and about 24 times as smoky as the n-paraffins. 

(2) The alkynes lie between the aromatics and the mono- 
olefins, with the smoking tendency decreasing with increas- 
ing chain lengtli. 

(:I) 'I'h(~ smoking tendency of the morioolths iIicr(~tiws 

from ethene to butene and 'hen (let lcascis with incwnsirig 
chain length. The olefins are about ji2 as smoky as t h  
aromatics, but about twice as smoky as the n-paraffins. 
Braticliing, ring formation, arid additional double bonds 
increase the smoking tendency. 

(4) The n-paraffins have a lower smoking tendency tlian 
any of the other homologous series. The smoking tendency 
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increases with iiicreasiiig c-tiuin Ieriptti, branrhiiig, ari(l ring 
forme tion. 

Hydrocarbon blends and refinery streams.-The smoke 
points of two component bleiids of pure hytlrocarbo~is ere 
reported in references 6, 8, arid 9. As an example of such 
blending smoke-poiiit & t u ,  figure 237 shows tlie smokr 
points for 0 to 100 percent blends of aec-butylbenzene and 
of n-methylnaphttialeiie in n-dodecane (ref. 6). Although 
the smoke points of the two pure aromatics differ by only 2 
millimeters, the blending curves arc diff ereri t. For esaniple, 
a t  a 20 percent aromatic concentration, the smoke point of 
the sec-butylbenzene blend is about 74, whereas that of the 
a-methylnaphthalene blend is only 37. The marked effect 
of the aromatic on the smoke point of paraffins is also ap- 
parent. For example, a 20 percent addition of the aromatic 
reduces the flame height of n-dodecane by about 50 percent 
or greater. When the concentration of a-methylnaphtha- 
lene is 50 percent, the smoke point of the blend is substan- 
tially that of the pure aromatic. 

Smoking tendencies for various refinery fractioiis arc 
reported in references 8 to 10, 14, and 19. The early studies 
were used to evaluate the illumination quality. of kerosene- 
type fuels burning in lamps. The major interest in smoke- 
point data in  the last several years has resulted from the 
demand for clean-burning jet fuels. The smoking points 
of 48 jet fuels and the fuel-inspection data for these fuels 
are reported in reference 8. Reference 10 reports the 
flame-height smoke point for jet  fuels to be about 15 to 30 
millimeters, compared with 6 or 7 millimeters for aromatics 
axid 77 millimeters for commercial isoheptane. 
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FIGVRE 237.-Relation of hlend composition arid smoking tendfancy 
as dctcrrniried in a modifiiA Davis factor lamp (hv pwmission from 
ref. 6) .  

EFFECT OF HYDROCARBON TYPE ON BUNSEN FLAMES 

5Irasurenients of variations in smoke formiitioii of vurious 
hydrocarbons are reported in references 12 and 15. Since 
in reference 12 the paraffins, cycloparaffins, and olefins 
could not be made to smoke even a t  the maximum fuel-air 
ratio that would support combustion, these fuels appear 
to be less smoky than the aromatics and other fuels shown 
in figure 233. In general, the smoking tendencies of the 
fuels shown in figure 233 are in the same relation to each 
other as in  diffusion-flame studies. The aromatics show II 
fairly uniform smoking tendency, as was the case with 
diffusion flames. 

Reference 15 reports determination of the critical fuel-air 
ratio that would just cause a yellow streak of iricantlesrtwt 
carbon to appear in Bunsen flames of various Iiytlrocarbon 
arid oxygenated compounds. The appearance of this yellow 
streak in the flame, of course, occurs a t  considerably lower 
fuel-air ratios than the actual emission of smoke. The 
results of reference 15 are shown in figure 238, where the 
critical air-fuel ratio is plotted against the number of cuarbon 
atoms i r i  tlie compound. The higher the position of a fuel 
on this plot, the greater is its tendency to form an incan- 
descent streak of carbon. 

The values for the aromatics, instead of being decidedly 
worse tlian the other fuels, are similar to the paraffins, iso- 
paraffins, and olefins. The order of these last three series 
is the reverse of that  observed in diffusion studies. The  
order of decalin with respect to the substituted naphthalenes 
and the aromatics differs from the Bunsen work of rrfcrenre 
12 (see fig. 233). The variation with respect to tlie data 
in figure 233 may be explained by the fart that the appear- 
ance of yellow incandescent carbon in the flame and not tlie 

Number of corbon atoms per molecule 

FIGI-RF. ‘238 --Critical nir-fi1c-I ratio for rnrhon fnrmatiori 3s n 
fittirtion of molrciilrrr wriqht and fiirl tvpv ‘r6.f 1.5) 
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cmission of sniokr was nieasured in referrrice 15. It is prob- 
able that tlirse two types of measurenwiits would not be 
directly proportional. If they are, however, the effect of 
fuel type on smoke formation as measured by Bunsen and 
diffusion flames appears appreciably different. 

METHODS OF CORRELATING SMOKING TENDENCY WITH HYDROCARBON 
STRUCTURE IN DIFFUSION FLAMES 

Several methods of predicting or explaining the variation 
of smoking tendency among different fuel types have been 
proposed. An equation based on the oxygen requirements 
of diffusion flames was developed in reference 14 to predict 
the maximum smoke-free flame height bp  (the constants 
apply only for this particular apparatus): 

where 
5 

y molecular volume of oxygen 
While this equation predicts qualitative trends among the 
various series quite accurately, it does not predict tlie magni- 
tude by which one series difftm from anotlier as reported 
c.sperimentally. Some of the trends within the series-for 
example, the effect of branching and ring formation-would 
irot be predicted by the equation. bIotlific*ation of the equa- 
tion to fit the apparatus in use may be of some practical 
value for making qualitative comparisons; but, with respect 
to theory, the equation does not explain the effect of differ- 
ences in fuel type such as branching. 

The relation between the tendency to smoke and tho 

molecular volume of combustion products 

carbon-hydrogen ratio of the compouiid is discussed in rrfer- 
ence 1 1 .  I t  is iidicatrd that,  in gerieral, c~onipou~itls of high 
C-H ratio show a higlier smoking tendency t tian compouiids 
of low C-H ratio. This particular correlation, whicli gives 
good qualitative agreement, has been used in predicting coni- 

bustor coke deposition (ref. 20). Like equation ( I ) ,  howcvthr, 
it does not explain the differences resulting from such factors 
as branching and ring formation; consequently, iii refereirw 
11 the smokiness of the hydrocarbon molecule is attributrd 
to its wmpactness. 

References 2 and 21 suggest that smoking tendencies njuy 
be related to  the relative ease of removal of hydrogen atoms 
compared with the stability of the carbon chain or skeleton 
of the molecule. A true measure of the stability of the  
carbon skeleton is difficult to obtain but can be rtqmwntcvl 
to some extent by the carbon-carbon bond strengths. A 
comparison of tlie stability as measured by bond strengths is 
shown in figure 239 and appears to give good qualitative 
agreement with the smoking tendencies. If all the factors 
contributing to the stability of the carbon chain could be 
evaluated and asstwed, th(\ agrrrmctit might bf bet tcr. 

EFFECT OF NONHYDROCARBON COMPONENTS 

Diffusion flames.-Petroleum-derived fuels may contuiti 
small quantities of organic sulfur, nitrogen, and oxygt'n com- 
pounds. The maximum amount of sulfur permitted by ttic 
current military fuel specifications is 0.2 pwcmt for JP-1> 
0.4 percent for JP-3 and JP-4, and 0.5 percent for JP-5. 
Concentration limits for nitrogen and oxygen are not specifitd 
but  are not  liltcly to exccrd 0.1 and 0 Ti percrnt, r(~spec-ti\~c~ly. 
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FIGURE 239.-V:iriation of maximum smokc-frw fut.1 flow with total carhon-carbon b o ~ l  strcwyth pw 1111rub(~ of carbon atoms (by permission 
from ref. 21). 
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Sniokc-point diitii for some sulfur conipouncls arc' rcportrcl 
iii rt~fcrancc~ 6 ;  and for SOIIW nitrogcn c.oiiipounds, in  rtlfcr- 
t'nces 6 and 11. Bot,li the alkyl-snt)stitutcd sulfur com- 
pounds (mercaptans and tlisulfidcs) arid the alkyl-substituted 
nitrogen compounds (amines) h a w  smoking t,enden- 
cies somewhat liiglicr tliaii t'licir Iiydrocurbon analogs. T h e  
aryl mtwapt,ans and sulfitlvs I invc~  snioking t.cndenries sub- 
stniitiully t.lie same as, and tlic aryl uminzs apprrcialdy 
lower than t,lieir parent Iiytlroc~arbons. 

A t,horough st,ntly of osygm-cont aining coInpountls is 
reported in rrference 11. In genrral, incrrssing thr  osggcn 
cont,en t results in decreasing smoking tendency. Compounds 
containing high prrcentages of oxygen, such as met,liyl 
acrtatc. sniokc only at  v c q  griwt, flnrnt. Iic4glits. . \I~tl iyl  
alcohol cannot be niatle to smokc utl all: n i i t l ,  t i t  equal osygrn 
concentration, the genrral order for increasing tendency to 
smoke is n-primary alcohols <n-primary nitroparaffins< 
propionates < ace ta tes <lact.atrs < formatrs. 

I n  general, the concent'ratioiis of sulfur, nitrogrn, and 
oxygen are so low in convmtionid Iiytlrocdion fwls t lint t tic 
presence of these impurities sliorilcl not mrasurahly t i f fect '  the 
smoking tendency of the furl. 

Bunsen flames.-.byl uniincBs i t i i t l  osygctiiutrtl c ~ o i i i p o i i i i ~ l s  

\rcre investigated in Bunscn flam.cs in rrfrrence 15. l'lie 
results arc' sliown in figurt. ?:is. 'I'Iic viiliics for iIic aryl 
nriiinrs are not, ~~pprrt*ial)ly tliffrrrnt from t liosc~ of tlivir 
11ytlrocarbon anulogs. 'rlw osygrnated cornpolrnrls SllOW 

increasing air-furl rst.io with increasing number of ct~rbon 
at,oiiis in t hr molevultl, thc alcoliols rvquiring a Iiiglivr air-fuel 
ratio t l i t i i i  ultlcliyclcs or Ii('tolics of a siniiltir ni imlwr of cwhon 
a t,oms. 

EFFECT OF ADDITIVES 

Diffusion flames.-RihtiveIy little inforrnntioii is rivnil- 
able on the rfycct of a(lditivcs on tl ic  smoking cliaract,eristic.s 
of hytlroc~arhon fit". This cffwt miiy tliffcLr hrtwren 
c l i f f  iisioii ancl T3iiiistm tyiw f1iinic.s. Atltlitioris of t l i r  ort lw of 
5 pvrrcnt oi aul l r i r  trioxitic arc' rcquirc~cl t,o mtwiirn1)lp rcduw 
tliv smoking trnc1cnc.y of a tliffiision flanic (riTf. 22), but as 
littlv ns  0.1 pvrrcnt of t ' l i is pis will rliitrigv 11 nonluniinous 
Biinwii fltinir to 2 1  luminoiis orir (ref. 18, p. 1735). I I o w v ( t r ,  
1lic uvtioris of sulfur dioxitlc riiitl 1iytlix)gcn sulfitli~ i ~ r c  similur 
i r i  hoth typc flames: and, with c*onccwtrations of t l i c  orclrr of 
.5 porcwit sliplit rrduct ions in snioliiiip t rntlciic-y o f  c l i f f  rision 
flrinics iintl tlccwas~~s in t Iw luminosity for T k w r i  IImit's \VIW 

oI)sc~rvivl (rvf. I 8 ,  p. 17:s). Kcfcwric~c~ 22 proposvs t Iiiit t t i v  
ositlt>s of siilfiir rctlriro sniokr formation in a cliflrision fhimt: 
hy lwing first cwnvcsrtcd t,o S2 moltwilw ~I i ic I i  tlicii r w r t  
with c.ui%on to form CS. 

A f(,\v ot,lirr sul)stanc*t~s, siicli LIS nitric. ositlr, nit rogcii 
tlioxitlts, tlirtliyl pcroxitlr, ant1 t c b t r : i c s t  1 1 ~ 1  l w ( l q  I i t tv~~  h r n  
tc'stvtl LLS iitltlitivt~s h i t  I I I L Y V  pro(lucw1 no stiikiiig vlfvcts i n  
r c p r c l  t o  siiioko forriintiori froill t l i f l i i s ior i  f l i i inw ( 1 . t . f .  1 S. 1). 
17:;) .  On(% of t h  most dfwt,ivc> nt l t l i l ivvs t ~ p p i w s  i o  1)c 
~lic.~~.lopi~iitatli(~riylii.ori. I i c ~ f ( ~ r r r i c ~ c ~  2:{ s l ~ o u s  i t i n t  t I i o  udtli- 
tion of 0.02 wc-cLiglit p ( ~ i w i i t  of tlic.yc~lo~)c~iitii(lic.nylil.oii ( w i  

increase the smoke-frrc. fluinc: Iicight, of 1)c~nztw from 8.4 to 
X.9 millinwt~ors, of JP-4 rvfwcv frorii I f i .1 i,o 31 .7  nii l l ini i~t~*rs .  
anti of n IO0 p w r i i t  c*ntrilyticdly (~riwlwil So, 2 f t i l . 1  oil f i v r r i  

7 :% to 9.1 millinwtcis. In studies \+-itti IL high-prcssiirr 
utoiiiization-t?rp' oil burner. ii ij-prrcc*lit rrductioii i n  voliinici 
of coke deposits resulted from the use of 0.05 wigl i t  percent 
of dicyclopentadienyliron. In a 2-inch jet burner coke 
deposits were reduced from a control level of 255 milligrams 
to 220 milligrams by 0.001 weight percent of dicyclopenta- 
dimyliron. With 0.01 weight percent, virtiially no coke 
deposits ~ t ' r e  formed. 

Bunsen flames.-In referenre 15, wliicli used tlw first 
tlppearaiirr of iricandrscent carbon in tlic flamc ns a m t w u r e  
of smoking tendrncy, no additive I\ as found that had any 
significant effect on the fuel-air ratio in concentrations undrr 
1 percent by weight. Addition in quantities over 10 pcr- 
cent by weight may h a w  an npprcciablr cffrct .  Hulo- 
gciiatcd compounds, sulfuric acid, aiid sulfur triosiclv iiicrwso 
the fraction of stoichiometric air required to inhibit riirbori 
formation; nitrogcn peroxide, carbon monoxide, tetraethyl 
lead, methyl alcohol, methplrthyl ketone, and amyl nitrate 
have the opposite effect; srilfi~r dioxide, carbon tlioxidr, and 
water have no cffrct; carbon tlisiilficlc has no efftLct oii 

kcroscnr flames but increases the fraction of stoichiometric 
air required in brnzriir Ailme?. Sulfur tlioxitlt~, t horigli 
having no cffret on the rriticnl nir-fiid ratio, uppcars to 
reduce tlic nnionnt of carbon forini~t in  flunirs of ridi 
mixturrs. 
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t d  110 1101 cwtitri1)utt~ to smokts forniiitiori to iiity sigitificmil 
(>st v i i t  i t t  ortliiicir?, cliffusioii Ilanii~s. 

Portrr bdiwcs,  itisttbacl, that f u t +  i t i  iwiiIJustioti ~ ~ v c ' s  
first clecomposc t o  form l o ~ ~ r r - t n o l r c ~ u l u r - \ ~ ~ ~ i ~ l i t ~  hytlrocw- 
bons surti us ac.rtyleiic as a result of both tlicwiial decornpo- 
sition and partial osidutioii (ref. :%2). By rapid adiutmt ic- 
photolysis he obtained rates of liberation of heat and active 
particles in a rcactioii vessel conipurablv with those \vhic*li 
occur in flames. A rapid queiic-liing r c d t e t l  i n  the retention 
of a fracticii of all stable iiiternidiat rs. Conipletr antilysis 
of the products showed no higliw 1iyclroc.nrboiis. I'ortc-r. 
t,herefore proposes a series of reactioiis: 

Previouslj-, l'ropscli atid Egloff (rcf. 3 3 )  slio\vctl t 
acetylene is a product, of ttie pyrolysis of pure Iiydroc*ai-hoiis. 
They passed ethane rapidly through a heated tube for various 
contact. times and found that, ethene, acetylene, and carbon 
were formed. This experiment simulates the reactions that. 
might occur in thr lowtist portion of a. tliffusiori flame ~ I I P I Y ~  
t'he fuel is heated before comiitg into coiitwt with osygt'ti. 
Simiiarl>-, rtbfcrcwc.t> ;+i stiidietl t tic. pyrolysis proc1itc.t.; of 
benzcwt. with a inass spt3rtrometer uiicl s l iowd eviiI(~iiw t l i t i t  
the tlecompositioii of benzene to form carbon owurs via 
ac*t~t,ylene. Tt was also shown i r t  a study of the uutoignitioti 
of benzrne-air mixtures (rcf. 3 5 )  that tlie tlegratlatioii pro(*- 
P S S ~ S  lead to  the formation of 2-  arid 4-carhori acetylenes. 
Reference 35 concludes that, in light of t'tiis evidence, Port,er's 
proposal appears quite plausihlc for carbon format,ion from 
henzene and perhaps other aromativs. 

Since acetylene may be the  last stable product to appear 
before smoke formation, tlie final step in t,he mechanism of 
smoke formation woiilci htl that Itwlitig from acetyltwc to  
smoke. I f  all Iiydrogtvi atoms \ v i w  removeti frorii t h o  
('.H2 niolrc~iilr~. t t i v  tnwlitiiiisni for thc f i i i a l  stcap i n  t l i c  
format ioti of sniokv w ) ; l i l d  I)(> t l i c  polymc~rizntioii of ( ': 
raclioals. Sric-11 a mivhunism \vas at  0111: tinie c.orisitltwt1 

n plansihlr uiitl proniisiiig c~splttiicitiori of srnoke forniti tioii 
(I). g., r e f .  I 7 ) .  1 I o i v i ~ c ~ r .  t hi, t Iitwy of sniukth forrrix t i c i i i  

siii  ( ' 2  1i:is iio\v I ) c ~ r i  r c ~ j t ~ t ( ~ 1  t)y I I I I I ~ ( W ) U ~  :1i i  I I i i ) i . +  I,,>(.-. 

1 6 ,  24, i l t l t l  ; < 2 ) .  
it i c ~ h  ui i i sin hasrc 1 o I I sini I 11 t ui i (Y ) i t s po1J-m wiza t io 1 i :I I I I 1 

tl(~tiytlrog(~ritit i o i i  is propostd in ri4crtwc~c 3'1 t o  acc'ouii t for 
t111. stcbps I)c~twtvw ai-c~tylrne niitl srnokca. Thc rwvt i o i i  is 
cwwplificd t)y t l i c b  followitig cqitatioii: 
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consitlrred, tirirl the  following values were rrportetl: 

Energy, 
kral/molc 

CZH +C,H,+C4H,-.C4H+ HJ = 58 

C,H+C2H,+C,H,+H I 2 6  

Acetylene was the fur l  iiiitinlly present in these studies. 
Reference 24 indicates thnt the first equation is of the tVpe 
suggested by Porter and proposes that,  while the reaction 
is feasible and may occur to some extent, its activntioii 
rnergy is much highcr t t inr i  t l i c i t  for the rrnction stiowri i n  
the se~oiid equutioii. At particwlarl>- high tcrnperaturtbs, 
more than one reactive radical or hydrogm atom could result 
from a step such as the second equation, and chain- 
branching might result. St,eps such as these can occur with 
molecules coli taining larger and larger numbers of ct~rbon 
atoms, letitling c~vcntually to formation of carbon riiiclci 
and even to growth of a particle. The third equation sliows 
a possibility for the usr of the energy of combination i n  
initiating reactioi!s perhaps more t>ffcctively than by purely 
tliermal means. 

However, an unpublished study of an awtylcne-air flame 
1))- Fcrguson of the Setional Bureau of Stnntlartls iridicattls 
that the carbon bonds in the acetylene molecule are broken 
before snioke formation begins. Fergusoii suggests that a 
buildup of smokr part ides initial1)- owiirs mainly by t l i c  
eombination of single carbon radicals. I t  is not linowi~ 
whether the acetylene found in Porter's work \vas formed hy 
the reaction of single carbon radicnls or resulted from 
dehydrogenation of t tie original fucl molrcdr.  An under- 
standing of the esac*t role played by ac~~ ty lcnc  in smoke 
formation uppetirs t o  be vwy importtint i n  tlie forniultition 
of a final mcchanisni. 

I n  summary, the geiie,ral niecliunism of smoke forniutiori. 
bastd on thc informution c*urrcwlly zLviiiItihlv, prohiI)l>- 
proccetls ILS follo\vs: 

(1  j Somr liytlrogtw atonis art' rtmovctl froin t t w  f i l d  

molecule by tliermal processes. l'lic hytlropn II toms, in 
turn,  cause further dchytlrog~nntion of t tic molwrile. 'Yh 
more readily the hydrogen atonis arc' rcmiovcd tis coni p i i ~ ~ d  
with the breaking of carbon tmiitls, t l it!  grwt v i ,  is tile P~OIJ- 
ability of smoke formation. 

(2) Aftcr these initial dcliyrlrogenation st,eps, tile fuel 
molecules probably continue to decompose to smaller mole- 
cules and fragments of molecules. Various aut,tiors have 
shown that a breakdown to smaller protliirt,s must occur 
rtittiw than an irnmr(liutc growth to polyrnws or tirornatic 
ring structiirrs. 

(8) Althorigh a brwktlowri to smnll molrc.rll(bs rind siriglc 
carbon radicals takes plwr,  the  formation of smokr tltrough 
polymerization of C2 radicals has hcrn rejrcttd. I t  Iias 
been proposed that. in tho final stages the small molrculrs 
surh as act,tylene and prrhaps mainly singlr carhon ratlicds 
undcreo a simultaneous polymerizat'ion and tlehydrogc~nti t inn 
to form smoke. 

COKE 

Altliougli the formation of cokp ~ n u y  tw R more st.rioirs 
problem than that of eshnust smoke, t h e  mcctiaiiism of m k e  
formation has received somewhat less attention. Most of thc. 
work in this field has involved a n  analysis of the coke deposits 
formed in combustors (ref. 4). Reference 4 concludes that 
hard coke "is largely a petroleum coke resulting from liquid- 
ptiase cracking, subsequent pyrol>-sis, and final coking of t h e  
fuel from the spray nozzle as it  impinges on the hot liner wall," 
and that soft combustor coke consists of smoke mixed with 
the residue from the degradation of fuel in the liquid phase. 
Reference 37 on the forniation and properties of petroleum 
coke is of interest, since it describes quite fully the later 
stages in the reactions yielding this product. This reference 
citc.s wrlirr  work that propost's tlic following sequence of 
rractions: p a r a ~ n s ~ o l e f i i i s ~ a r o m u t i c s  with side chains-, 
condensed ring sj-stems+asphaltenes+carboids. The last 
reaction is then expanded to include the series of: asphalt-, 
pitch-+semipitch+asphaltic coke-warboid coke (-+graph- 
ite). It is of little importance whether the earlier stages of 
t l i r  ovw-all roking reaction proceed as indicated, since all 
commercial jet fuels contain aromatics i n  sufficient quantity 
to yield very easily the amount of coke found i n  combustors 
T l i t w  aromatics would be relatively nonvolatile, and this 
class of compounds would be concentrated in the liquid 
residues on combustor walls. The conversion of t hesc 
rrsitlrirs to the various asphaltic and coke-like protlwts is 
accomplished a t  temperatures of the order of 850' to 1475' 
F, and these products resemble combustor cokes in maiiy 
ways (ref. 4). 

The tempwature at which combustor coke is formed 
cannot be determined by a comparison with the properties 
of petroleum cokes formed a t  different temperatures. The  
hydrogen-to-carbon ratio of hard combustor coke (ref. 3 )  
is about the same as that found in reference 37 for petroleum 
cokr formcd a t  about 1380' F. Howevrr. th r  high conc(1n- 
tration in (tombustor coke of solvent soluble materials sripgrsts 
a much lower temperature of formation, of the order of 750' 
to  92.5' F Probably this  lower temprraturr rangr is morc 
ntwly thr t tmpcn tn re  at which t he  fuc4  was tlcgradtd. and 
t l i r  ohswvvcl low Ii~tlrogc~ri-c.tirbori rritio is tlie rrsult of the 
trapping of smoke i n  t h e  coke deposits. True smoke liasu 
comparutivrly low hydrogen-rarhon rntio arid woultl rcdure 
this ratio to that found i n  the coke samples (ref. 8). 

Conil)ustor cokr is produccd in the prescwce of osygr.11 
nncl Aamt.; petroleum coke results from the clec*ompositiori 
of hydrocarbons alone. Because of t hese dissimilarities in 
formation, the determination of the conditions for the 
production of combustor coke may not be based on those for 
petroleum coke. The literature on the cracking of hydro- 
cnrbons in the prrsencr of smtill amounts of air or oxygen 
might b r  mow applicviblr. Tht .  prrsoncr of oxygen rertainly 
acwhratcs thr fornitit i or i  of tii~Ii-~iolc~~iilar-weigIit aspliultic 
mtitc.rinls from lo\~c,r- inol( ,c ,ulur-~~~(, i~ht  Iiydroc~nrhons. As- 
phalt is matlr c~mimcrc~iully by blowing residual petroleum 
fractions with air at tempcraturrs from 425' to 600' F; 
the liquid hydrocarbon is convertrd to semisolids by this 
trc~atrncn t (rcxf. 38) .  
.I tlirwt nttrmpt to ~ imuln te  combustor ronditions in the 

formn t ior i  of c.nIi(' wit  1 1  '1 I w l i c - h - i c d r  tippnr&t 11s is rvnort I Y I  
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rlwws of aronrut,ics. The problems of cont,rolling smoke 
arid coke in turbojet, engines can be lessened by limit'ing the 
iiromatic concentrations in  fricls and especially by limit'ing 
t,lie concentrations of the more objectionable t8ypes of 
aromatics. 
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APPENDIX-PHYSICAL AND COMBUSTION PROPERTIES OF SELECTED FUELS 

.\laximum burning vrlocitirs I -F rchtivcb to propunt-, 
wtiicli t w c  urbitrtirily ratctl 100 for t w l i  vsprrimc~ntal mvt tiotl 
(stI(1 table S S s I I I  for ~tbsolutc~ \ -HllWS for propane for tvich 
nictfiod), i w r e  ohtainctl from rcfcwncv 5. Riirning velocities 
were, in most CBSPS,  measurctl hy the SAC.1 tubt. met Iiod 
(see ref. 6).  

Adiabatic flame temperatures Tp were calculated at tlie 
fuc.1-air rtitio .f for mnnimum burning vrlocity atcording to 
t l i c  rr~ctliod of reftwncc. 7 .  Valucs IVPI'C obtiiintd from 
reference 5. 

Minimum ignition energies at  stoichiometric fut.1-air 
ratios and the absolute minimum ignition energies tha t  
occur at some richer concentration were obtained from 
r(1fcrencSr 8, w c ~ v p t  21s notctl. In most ('ast's, 'i-iiwh-rocl 
rlcvtrodt~s (unflangetl) ~ 1 i i c l  capacittlnvr sparks \ v ( w  uscd ; 
~""'ss""' \5 us 1 utrnospll(~rc~. 

Quc~uvtiing tlistanws htbtwwi parullcl plutcbs l i t  stoivliio- 
metric fuel-air ratios and ahsolute quenc4iing tlistancw 
ttirougti wliicii no f i r "  will pass rcgnrcJless of c~oric~cmtration 
wwi' t*stin,atcvl from log-log vorrolntioris betwccii igiiit ion 
enorgy antl quenching tlistanw (basrd on data from refs. 
9 antl 10 antl information recneivccl from Experiment, In(* ) 
m t l  minimum ignition criergies inrlutlcd herein, vw:pt \ v h w  
takcn from refermctls 9 antl 10. 

T l U I d K  SSSIII.--E~SPERI3IENTAI, BURNING VELOCITIES O F  PROPAKE-AIR IIISTURES 
~ -- 

I 



BASIC.. CONSIDERATIONS IN THE COMBUSTION O F  HYDROCARBON FUELS WITH AIR 

TABLE XXXI1.-PHYSICAL A N D  COJIBUSTION PROPERTIES OF FUELS* 

M f n ,  
yas- 
K39, 
Rtu/ 
Ib 

__ 

m;+34 

li, 021 

... 

.... 

.... 
17.446 
l i .  084 
.... 
... 
.... 
.._. 
.... 

17. i 2  
l i .  i l  
17, i l '  
l i .  76 

17, 8 i  
l i .88 
17.8.5 
17, $4 

17. 88 
I?, 82 
17, eu 
17, ea 
l i .  581 

.._. 

.... 

.... 

.... 

.... 

... 

.... 

. . .  
IS. w; 
18.15: 

8. tis: 

9. 3 8  

9,451 
9,241 

a,.r i :  
8. 1% 
9 .  105 
9. 252 
8. 28i 
9 . 0 1  
9.3m 
'3.135 
9.211 

16100: 

a; Z i?  

.... 

... 

. .  

S;S!Xl 

Y, 441) 
~ . .  
. .  

... 

. .  

s. R i A  
8. l l l R  
5. 787 

a, MI 
3. oao 
3 907 
.... 

.~ 

~. 
. .  

19.175 
19. 1x44 
. ~ ~ .  

.... 
... 

. .  

. .  

m, 41ti  

20,276 

. .  

. . .  

257 

[Numhred  su rscr1pt.s Indicate rclcrrnces.1 - 

Boilir 
lminl 

O F  

- 
- 70 
I34 

-118 
127 
1 i 3  
-30 
-28 
364 
1 ili 
362 
344 
3w, 
362 
358 
3n3 
282 
232 
281 
2 i i  
343 
308 
328 
322 
324 
393 
412 
319 
349 
337 

m 
401: 
4w 

328 

.... 

.... 
5*): 

52 
21 

1.54 
93 
31 

122 
136 

82 
1 i 8  
I 7 8  
21 

I32 
148 
88 
63 

I i 2  
34 
IN 
101 
411 

1 i?? 
4; 

R l  
* 1 9 9 2  

1151 
-3102 
-9 
5 9  

UP 

.... 

.... 

. .- 

... 

... 
177 
268 
214 

ixi! 
109: 
I21 
I R I  
ZIiY 
l l zI  

-30' 

.... 
. ~ .  
411 

369 
:I45 
339 
94' 

1.54' 
Ill, 

--I11 

. . .  

iiw 
10-3 
1% 
5221 
IS5 
171' 
173' 
ID' 
512 
1.11" - 

- 

Ai. 
R t  
It 

- 
24: 
2 2 4  

5% 
1% 
1% 

14% 
14; 
I 4€  
14E 

134 
139 
138 
137 

141 
137 
143 
14C 
110 

.. 

.. 

166 

131 
I36 

146 
I24 
191 
I63 

.. 

.. 

174 

.. 

511 
91 
RIiI 

.54 
XI 
:I9 

tii 
4n 

.. 

19 

511 

LO 

YI 
'41 
:(la 

ill' 
- 

- 
'Z'rol 
' P ,  .I. 
b sro 
chlo. 
netris 
- 
- 1 3  

T; ra 
13: 

lo! 
12 

.... 

.... 
IOI 
IUI 

10: 
._ . 
._~.  
.... 
.... 
lo( 

.... 

.... 

.... 

.... 

.... 

.... 

.... 
-.._ ._-_ 
.... 
._.. 
.... 

10s 
.... 
.... 
.... .... 
.... 
.... 
.... 
.~ ~ 

Ili 
I I S  
119 

113 
IZU 
113 
1 I3 

I I 4  
1 lfi 
I00 
I Ili 
115 
131 
I I i  
115 
1 I5 

1 in  

.... 

.... 

.... 
I15 

109 

I 2 0  
121 
120 

i. 170 

I I S  
11.5 
13.5 
I I U  
123 
117 

I25 

= in2 

. .  

loll 
I l i  
I22 

121 
113 
llfi 
I18 
125 
116 
115 
1 0  

I I 2  
11s 

. . .  

I n.5 

.... 

I18 
... 
~ . .  
112 j 
~ . .  
11.5 
I00 
... 

- 

Rein 
live 

J r , - ,  

- 
... 

I I i  
362 
I44 
108 
189 

' Io4 
'M  

.... 

.... 

.... 

.... 

. ~. 
'Bo 
. .  
.. ~ 

.~ 

.... 

.... 

.... 

..~. 

.... 
__.. 
.... 
.... 
.... ' 84 
.... 
. ~ ~ .  
.... 
.... 
.... 
.... 
.... 
.... 
1491 
1401 
1121 
119' 
97 

102 
92 
03 

94 
92 
1)2' 

I l l  
1091 
1111' 
IO1 
100 
106 

95' 

1931 

I491 
1 n' 
I32 

127' 
' IINI 

14s' 
I li" 
l"~' 
I14 
1 :I? 

.... 

.... 

.... 

... 

'a'' 

!XI, 

ion 
101" 
! W ~  
92'3 

104 
Injr 
11911 
I18" 
l n l r  
1x1s 
112" 
i911 

I 9 4 l I  
1 'JF,Il 
IO21J 

1171: 

. .  

I OR 

r i a  
8.3" 
... 

a;Llil 

metr 

Rich 

. D  

- 

._ 

-233 

i52 
.... 

.... 

.... 

..~. 

.~ 
336 
.... 
~ . .  
.... 
. . .  
.... 
.... 
..~. 
30i 
. ~ ~ .  
.... 
... 
352 
.-. 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
~ ~ . .  
.... 
..~. 
.... 
. . .  
... 
.... 

3401 
. .  

330' 

351' 
3721 

3591 
358' 

3.W 

... 

..~. 

. . .  

.... 

.... 

.... 

.... 

.... 
' Mil 
. .  
.... 

. .  
.~ . 

iimll 
F i 6 l l  

.'jilil~ 

.~ . 

101 
4'10" 
358 

. . .  

36n 
.... . n R l l  
.~.. 
.... 
.... 
. . .  
.... 
. .  
4.M 
RY? 

21ilU" 
. .  

. :!m I 
. .  
. .  

272" 

jfilolo 
8 ZIF,II 

. .  

distance, yurnchinu in. ~ 

Fuel 
mlsture 

~ 

J 
__ 

Abs. 
mln. - 
.... 
.... 
.... 
... 

d 1615 
... 
. ~. 

d n. 51: 
.... 
.... 
.... 
.... 
.... 
.... 
... 

.~ 
.... 
~ ~ . .  
.-.. 
.~ . .  
.... 
.... 
. .~ 
.... 
.... 
.... 
~. 
.... 
.~ . .  
.... 
. .  
.... 
.... 

12:5 

,&- 
~ . ~ .  

... 
2 - 9 5  

211' 

?A 

.... 

.... 

.~ 

.... 

.... 

.... 
~. 
. . .  
.... 
.... 
.... 
.... 

~ . .  
. .  
~. 

~ .. 

~ 

Abs. 
min. 1 Stoich. 

__ 
37. 6 

115 
03 

C 17.5 
e 3 6  
..... 
... 
~ . .  

55 

..... 
.... 
..... 
..... 
..... 
..... 
. ~ .  
. .  
. . .  
. . .  
..... 
..... 
..... 
..... 
..... 
..... 
..... 
..~. 
.... 

.. ~ 

. . . .  

..... 

..... 

..... 

.... 

.. ~. 

..... 

.... 
- 2 1 . 5  

i60 

164 
..... 

... 
c m i  
loo 
s3 

. .  

.... 
.... 
..... 

... 
. ~ .  . 
..... 
. . ~ .  

... 
RE 

124 

. . . .  

1. 5 
. . .  

itolch 

1. 09 
IS 

.03 

.Mi 

. w  

- 

... 

.... 

.... . I I  ... 
~.~ 
~. 

.... 

.... 

. ~ . ~  

. . .  

. .  

. . .  

..~. 

.... 

.... 

.... 

..__ 

.... 

.... 

... 

.... 

~ .~ 

.___ 
Acetaldehydr ........................... 44. 
Awlone.. ................................. 

AcrylonltrUe ........................... 53. 
Allone (propudlene) ...................... 10. 
Ammonla ................................. 1; 
AnlJlne ................................... 83 
Benzene .................................. 78. 

,n-butyl- ............................. 1%. 
,arc-butyl-. ........................... 134 
.Lcrf-butyl- ........................... 134. 

... 

... 

. . .  

u wi- 
... 
.~~ 

o i  

. . .  

.... 

. .  

.... 

::.. 1 
. . .  
.... 
.... ~ 

. . .  
.~ 

.. I 

... 

.... , 
. .  

~. . , 
I 
I - .  

. 05  
~8 

0; 

. 07 

,1,2di@thyl-. .......................... 134. 
,1,3dlethyl-..... ...................... 134. 
, l ,4dlethyl-..~ ........................ 134. 
,I,2dlmethyl- (o-xylene) .............. 106. 
. l .Mlmethvl- (m-xylene) ............ IOR. . .  
,I,4dImeth$l. (p-xylene). .......... 
;ethyl-. ............................. . I  ::: 
,isobutyl- ........................... 1.14. 
,isopropyl- (cumene) .................. 1 I'm. 
J-meths 
. I -melh~ 

fl-'&ethyl- ..................... 120 
rl-3-ethyl- ..................... I 120: . . .  ;I-methyl4QtnYl- ..................... I'm. 

,I-methyl-3,lhdletbyl- ................. la 
Jllh..~ .............................. i 123. 
:p,ryyl- ............................... I'm. 
I2 trlmethyl- (hemlmellltenr) ...... 120. 

,1,2.4-trlmethyl- (pseudocumene) ...... 120. 
.l,3.~trlmethgl-(mesltylene) ......... 120. 
.vinyl- (stsrene).. .................. 104. 

Benzyl alcohoi ............................ 108. 
Blphenyl ................................. 154. 

,Z-butyl- .............................. 210. 
. .  
.... 
.... 
.... 
.... 
... 

.2-ethyl-. ........................... 
,Z-methyl-. ....................... 
.2-propyl-. ........................ 

1.2-Butadlcne (methytallene) ............ 
1.3-Butadlene (dlvinyl, vinylethylene).. 

,2,3dlmethyl-... .................... 
.Z-mcthyl- (isoprene) ................. 

182 
I 6 8  
1% 
54. 
M. 
82 
Nl 

. 07 

. I 2  

.Is- 
n-Bulnne ................................ 5.3 

,2-cyclopropgl ........................ 198 : 
,2.2dimethyl- ......................... XR.: 1 .2,3dlmethvI- ........................ .I M.: 
;L.ldIghe:yl- ......................... 210.: 
,%met yl (Is0 ntane) i2. 
.2.2.3-trlmethyr. ..... .I: 1: 1:: 1: 1::: 1: 100. : 

Butanone (methylethyl ketone) ........... 72. 
I-Butene ............................... 56. . 

,2cyclopropyl- ...................... M.: 
,2,3dlmethyl- ......................... 84.: 
.2+thyl- .............................. 84.: 

. I4  

. I 4  

. in 

. .  
07 

.1w 

,%methyl- ............................ io. 1 
,3-methyl- (4soamylene) ............ io.  ! 
.2.3.3-trlmethyI- ....................... 98.. 

frWIS-2-BUtenQ.. .......................... .%I. I 
2.3dImcthvl-2-butene.. ............... 84.2 
2-methyl-2:hutene .................. io. 1 

.......... 
' ri-Butyl chloride . . . . . . . . . . . . . . .  92.f 04 

. I .5 
.... 

. .  

1-Bu:)n~ ..................... s* I 
i .3. .j+limet~iyl-  ........... ~....i Hz.1 

2-Rutsnr .............................. 51.1 
I 
I d-Camphor.. ............................. 152.2 

Carbon disulflde.. ....................... i R .  I 
Carbon monorlde ...................... 28.0 
Cyanogen .......................... 52.0 
Cyclobulsne .......................... 56.1 

, e t h y l - .  ........................ 84.2 
,isopropyl-... ...................... 811.2 

I 

I 
,methyl- .......................... 70. I 
,methylene-: .......................... M. 1 

Cyclohexane ........................... 81.2 
,ethyl- ............................. 112.2 
.methyl-. . . . . . . . . . . . .  9x 2 . i . .  

. n; 

. n i  

. . .  

. . .  

: o i -  
... 

.... 

.... 

.... 

. . .  

. .  

.08 

.... 

..~. 
. .  
.... 
.... 
.... 

lo+ 
.... 
.... . IO 
.... 

&- 

. Iti  

~l-methyl-2-ftr2.butyl-. ~. . 
.............. 

............ 
Cyclopentane 

Cyclohexene 
Cyclop?ntadlene 

.methvl-. ................. 

154 3 
x2. I 
46. 1 
in. I 

. .  84.2 

.n-Pm~yl-  .___: ..................... 1 1 1 2 . 2  

13 
. I I  
. I ,'I 

. .  

. .  

21 

.~ . 

. . .  
dmls 

.... 

.... 

.... 

.... 

.... 

.... 

. . .  
d 241: 
.... 

4a 
.... 

ti-2 

. . .  . .  
~. . 

- 2 i  

. ~ .  . 

. .  

49 
,M 

114 
12 
4 5 
i 6  
r6 

42 
.... 
9.8 

42 

!in 
in. s 
4I 
_. 

Cyclokntene .......................... ~ 8 .  I 
Cyclopropane .................. 42. I 

.ri#-l.2dlmethyl- . . . . . . . . . . . . . .  70. 1 

.trana-l,2dlmethyl- . . . . . . . . . . .  70. I 
,ethyl-. ...................... in. I 
.methyl- ....................... .%.I 

. o i  

;l,I.P-trlmethyI. . . . . . . . . . .  84.2 
l ro~-Deca l ln  (decahydronaphthsbnc) ... 138.2 

I - l k e n e  . I 4 0  :I 
Diethyl ethrr i 4  I 

n-Decane. .................. ...I 142.3 
............ 

....... . I O  . I I  
. I 5  
.09 
. 00 
. I 2  . I 1  

~ IJihydroiwran . . . . . .  
Ihisopropyl ether . . . . .  ..... 
Dimrthoxymethane . . . . . . .  
I>lmethyl ether. ........ 
T~ImethylsulAde ...... . . .  
D14nt-hutyl peroxide . . 
Dlvinyl ethrr . . . . . . . . . .  ! Ethane.. . . . . . . . . . . . . . . . . .  

R4 I 

i6. 1 
46. 1 
62. 1 

14% 2 
70. 1 

.l,ldlphenyl-... ................... 1132.3 
Ethene ............................ I 28.1 
Ethyl fuxtate ........................... MR I 
Ethyl aleohol ................ 46. I 

44 I 
13. I 

IvItvrii. 

102. 2 

30. I 

Ethvlamlne ............ - ~ : - I  4s I 

- 

.o& 

.... 
.os 
. I 7  

. 21  

I . I O  
. os 1 Ethi l rnc oildo.. ........... ....I 

I:lhylcnimiiir 
'See page 2.54 f n r  explniintiriri nf supcrwripl 



258 

,oilinu 3U.. 
mint, Btu/ 
OF 1 Ib 

I 

. REPORT 1300--NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TABLE SXSI1.-PHYSICAL AND COMBUSTION PROPERTIES OF FUELS-Concluded 

I 

ferences.] 

Furan.. . . . . . . . . . . .  

n-Heptane.. 100.2 

I-Heplene W.2 . . .  w.2 1-Heptyne . . . . . . . . .  

82.1 
n-Hexam 88. 2 

......... 
,tetrahydro- . ~ .......... 72.1 
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